
1072
DEVELOPIN

G HAN
DPRIN

TS TO EN
HAN

CE THE EN
VIRON

M
EN

TAL PERFORM
AN

CE OF OTHER ACTORS
Laura Lakanen

DEVELOPING HANDPRINTS TO ENHANCE
THE ENVIRONMENTAL PERFORMANCE OF

OTHER ACTORS

Laura Lakanen

ACTA UNIVERSITATIS LAPPEENRANTAENSIS 1072



Laura Lakanen

DEVELOPING HANDPRINTS TO ENHANCE 
THE ENVIRONMENTAL PERFORMANCE OF 
OTHER ACTORS

Acta Universitatis 
Lappeenrantaensis 1072

Dissertation for the degree of Doctor of Science (Technology) to be presented 
with due permission for public examination and criticism in the Auditorium 
1314 at Lappeenranta-Lahti University of Technology LUT, Lappeenranta, 
Finland on the 24th of March, 2023, at noon.



Supervisors Professor Risto Soukka 

LUT School of Energy Systems 

Lappeenranta-Lahti University of Technology LUT 

Finland 

Post-doctoral researcher Kaisa Grönman 

LUT School of Energy Systems 

Lappeenranta-Lahti University of Technology LUT 

Finland 

Reviewers Professor Eva Pongrácz 

Faculty of Technology 

University of Oulu 

Finland 

Associate professor Miguel Brandão 

Department of Sustainable Development, 

Environmental Science and Engineering 

KTH Royal Institute of Technology  

Sweden 

Opponent CEO, D.Sc. (Tech.) Sari Siitonen 

OpenCO2net Oy 

Finland 

ISBN 978-952-335-926-0 

ISBN 978-952-335-927-7 (PDF) 

ISSN 1456-4491 (Print) 

ISSN 2814-5518 (Online) 

Lappeenranta-Lahti University of Technology LUT 

LUT University Press 2023 



Abstract 
Laura Lakanen  

Developing handprints to enhance the environmental performance of other actors 

Lappeenranta 2023 

92 pages 

Acta Universitatis Lappeenrantaensis 1072 

Diss. Lappeenranta-Lahti University of Technology LUT 

ISBN 978-952-335-926-0, ISBN 978-952-335-927-7 (PDF), ISSN 1456-4491 (Print), 

ISSN 2814-5518 (Online) 

Major environmental challenges, such as water scarcity and quality issues, excess use of 

virgin nutrients, air pollution and global climate change, have given rise to an urgent need 

to reduce the environmental impacts of production and consumption and to develop and 

implement actions towards environmental sustainability. Life cycle assessment-based 

methods are traditionally used to measure the lifetime environmental impacts of products 

and services and to detect life cycle stages with the highest emission reduction potential. 

In addition to measuring the adverse impacts of offerings, there is a need to evaluate and 

compare solutions to determine which among them are the most beneficial to the 

environment. With regard to greenhouse gases, the carbon handprint approach can be 

used to evaluate the positive climate impacts of products and services when used by 

customers. However, the methods focusing on positive contributions in terms of other 

environmental impacts and in application scopes other than products and services are still 

scarce.  

The main aim of the present study was to develop a handprint method for quantifying and 

communicating the environmental benefits of products and services in terms of air 

quality, nutrient use and water use and quality. To this end, the specific requirements of 

different impact categories were identified. Another objective was to widen the 

application scope of carbon handprint assessment from the product level to regional 

consideration as cities and regions have a focal role in climate work. The method was 

developed based on the principles of life cycle assessment, footprinting and the carbon 

handprint approach. Additionally, four case studies concerning different environmental 

and application scopes were conducted. 

The results obtained from the present study show that different environmental impact 

categories have specific requirements when applied to the handprint context. As central 

issues, the need to recognise suitable and relevant indicators regarding different 

environmental scopes, acknowledging the origin of emissions in the context of locality 

and globality of impacts and selecting between the inventory and impact assessment 

levels should be considered. According to the case studies, handprints are feasible 

indicators of positive environmental impacts. Thus, this dissertation presents a coherent 

environmental handprint framework across different environmental scopes and stepwise 

calculation guidelines. 

The environmental handprint approach provides a necessary addition to the existing life 

cycle methods as it offers a scientific-based means of quantifying and communicating the 



positive contributions of products, services and regions to the environment. Most 

importantly, handprints can provide reliable information in different decision-making 

situations, such as in the business and political contexts, but they can also be used for 

communication and marketing purposes. In particular, environmental handprints can be 

used to promote circular economy targets and green transition to sustainable production 

and consumption patterns. From a regional perspective, handprints can be important 

drivers of novel sustainable solutions and regional viability and attractiveness. 

Keywords: handprint, environmental handprint, regional handprint, footprint, life cycle 

assessment, environmental sustainability 
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1 Introduction 

The world is faced with major environmental challenges, such as climate change, scarcity 

and depletion of natural resources, air pollution and disturbances in biosphere integrity 

and biochemical flows, which severely threaten the living conditions on Earth (United 

Nations [UN] Environment, 2019). The major challenges resulting from human activities 

have already transgressed the planetary boundaries (PBs), which describe the 

environmental thresholds within which humanity can safely operate so that the 

functioning of our planet and its various cycles will not be unduly endangered (Rockström 

et al., 2009). To date, it has been shown that human-driven activities have exceeded the 

PBs related to climate change, biodiversity loss, nutrient cycles (N and P), land use and 

novel entities (Persson et al., 2022; Rockström et al., 2009; Steffen et al., 2015). The 

current trends of steady population growth, urbanisation and overconsumption will 

increase the pressure on the Earth system (United Nations, 2018).  

Alongside the PBs, the UN (2015a) Sustainable Development Goals (SDGs) set an 

overall global normative framework for capturing contributions to sustainable 

development. In addition to aiming at avoiding unsustainable actions in the social, 

economic and environmental dimensions, SDGs encourage positive contributions to 

sustainable development. According to the hegemonic definition of sustainable 

development, it refers to ‘development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs’ (World 

Commission on Environment and Development, 1987). In addition, sustainability goals 

are increasingly embedded in companies’ operations. 

Operating within the PBs requires developing more sustainable ways of producing and 

consuming (Sala et al., 2016; UN, 2015b). This, in turn, requires a systemic-level 

assessment of the environmental performance of products, systems and services 

(Whiteman et al., 2013). Environmental impacts have commonly been assessed using life 

cycle assessment (LCA)-based methods, which aim to model and estimate the 

environmental burden and potential harmful impacts on the environment along supply 

chains (International Organization for Standardization [ISO] 14040, 2006). The 

identification of life cycle stages with high environmental impacts may help both public 

and private actors implement interventions focused on key areas to reduce environmental 

impacts (Bjorn et al., 2020). Among the most used methods, LCA and the LCA-deduced 

footprint family provide standardised guidelines for evaluating environmental impacts 

throughout the life cycle (ISO 14040, 2006; ISO 14067, 2018). Combining life cycle 

thinking with sustainable solutions, such as technological innovations and more eco-

efficient production and consumption, can curb the rapid progress of environmental 

challenges. However, the approaches to and methods for capturing and measuring the 

positive environmental performance of technologies, systems, products and services are 

still scarce as the commonly used LCA and footprint methods evaluate only cumulative 

negative emissions and their potential environmental impacts. Thus, sustainability 

assessment practices have focused more on being less unsustainable than on actively 
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progressing towards sustainable development through positive actions (Dijkstra-Silva et 

al., 2022). 

In recent years, research has emphasised the need to assess the positive sustainability 

performance measures of products, services and processes (Biemer et al., 2013; Grönman 

et al., 2019; Kühnen et al., 2019; Norris, 2015; Norris et al., 2021). Assessing and 

communicating positive environmental impacts have been shown to be effective in 

marketing and promoting sustainable consumption and in achieving actual reductions in 

emissions and negative environmental impacts. Mere reduction of the negative 

environmental impacts of companies and their offerings does not necessarily lead to a 

sufficient sustainability outcome, and complementary practices increasing the positive 

environmental impacts are needed (Kühnen et al., 2022). Moreover, in decision-making, 

the focus has mainly been on negative impacts and risk evaluation based on average data, 

which may give misleading results in varying operating environments and conditions. 

Thus, there is an increasing demand for transparent, specific and reliable information and 

communication tools about sustainability aspects to support decision-making at different 

levels. 

Despite the recognised demand for assessing and communicating beneficial 

environmental impacts, the current methods, practices and terms used are inconsistent. 

However, the concept of handprint thinking has recently been introduced in the scientific 

literature. The Technical Research Centre of Finland (VTT) and Lappeenranta-Lahti 

University of Technology LUT’s carbon handprint approach, introduced by Grönman et 

al. (2019) and Pajula et al. (2018), defines handprints as ‘beneficial environmental 

impacts that organisations can achieve and communicate by providing products that 

reduce the footprints of customers’. Norris et al. (2021) introduced the Sustainability and 

Health Initiative for NetPositive Enterprise (SHINE) handprint framework, which aims 

to quantify actor-driven positive changes related to the environmental, economic and 

social dimensions. The positivity of changes is evaluated by comparing it to a baseline 

scenario. The environmental handprint developed by Biemer et al. (Biemer et al., 2013; 

Biemer, 2021) is founded on the concept of the environmental footprint and can be 

generally defined as ‘the good we do for the environment’. Kühnen et al. (2019) embarked 

on a handprint project with the objective of developing an approach to assessing positive 

contributions to sustainable development.  

Other approaches resembling the handprint concept have also been introduced. For 

example, the World Resources Institute’s (WRI) framework for estimating comparative 

emissions (Russell, 2019) provides guidelines for assessing both the negative and positive 

greenhouse gas (GHG) emission impacts of a product or service compared to the situation 

without the studied product or service. Likewise, Mission Innovation’s Avoided 

Emissions Framework (AEF) enables the identification of companies, system solutions 

and technologies that have the potential to achieve GHG reductions (avoided emissions) 

in society (Mission Innovation, 2020). 
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In addition to robust, science-based methods, mitigating environmental challenges and 

creating a more sustainable future require multi-actor and multi-level actions (Sathaye et 

al., 2012). Co-operation between different actors and similar goals promoting sustainable 

development are also needed (Gupta and Nilsson, 2017), especially to scale up successful 

novel solutions towards sustainability targets (Lambin et al., 2020). In summary, 

interdisciplinary and holistic solutions combined with transformative solutions and 

engaged stakeholders are needed for real change (Voulvoulis and Burgman, 2019). 

Among different actors, the role of companies in the mitigation of adverse environmental 

impacts is crucial (Aagaard et al., 2021). However, the focus of late has been on 

estimating and decreasing the harmful environmental impacts of production, such as by 

measuring the carbon footprints of products, and there is a need for novel perspectives 

(Dijkstra-Silva et al., 2022). In addition to lowering their own environmental burden, 

companies have the potential to offer products and services whose use by customers can 

help them make beneficial environmental contributions (Grönman et al., 2019). 

Consequently, the magnitude of positive environmental impacts has the potential to 

multiply. On the other hand, customers are increasingly becoming attentive to the 

environmental aspects of products and services, requiring companies to rethink and 

develop their strategies and business models throughout the supply chains and product 

life cycles (Engert et al., 2016; Saeidi et al., 2021). However, to make more sustainable 

choices, consumers need reliable tools for decision-making as marketing does not usually 

support development towards sustainability (Trudel, 2019). 

In addition to companies, both national and local governments are increasingly seen as 

crucial actors, especially in strategic climate work. Half of the world’s population are 

living in cities (UN, 2018), and cities account for two-thirds of the global energy 

consumption and over 70% of the global GHG emissions (International Energy Agency, 

2021), making them focal actors in climate work. Cities have implemented various 

activities to reduce urban emissions and achieve carbon neutrality, mainly by utilising 

information gathered with city-level GHG inventories and by adopting voluntary 

frameworks, such as the Covenant of Mayors and C40 Cities (Mi et al., 2019). However, 

more widespread action is needed to achieve the global climate change mitigation targets. 

Concentrating only on GHG reductions towards zero emissions will make carbon 

offsetting inevitable as there will always be emissions at some level. Thus, novel solutions 

with scale-up potential and reliable verification methods are needed at the regional level. 

At the company, regional or consumer levels, indicators communicating comparative 

beneficial environmental impacts are needed to facilitate decision-making and to promote 

actions towards real sustainability. In addition to climate change and water scarcity and 

quality, inefficient nutrient cycles and poor air quality are major challenges that need to 

be overcome. Sustainable resource use with decreased emissions and environmental 

impacts throughout the life cycles of offerings, combined with the use of up-to-date 

methods and novel solutions, can also preserve good living conditions for future 

generations. To achieve these goals, methods for evaluating positive environmental 

impacts must urgently be developed. 
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1.1 Objectives 

The objective of the present study was to determine whether a handprint approach can be 

used to assess the environmental benefits of products or product systems within 

environmental scopes other than climate impacts. To this end, the environmental scope 

of handprint assessments was sought to be broadened to include air quality, water use and 

quality and nutrient use, and a coherent framework for uniformly describing the handprint 

assessment process across different impact categories was sought to be developed. 

Another aim of the present study was to broaden the application scope of the carbon 

handprint from the product or service level to the regional level. 

Based on the objectives of the present study, the following research questions (RQs) were 

formulated: 

RQ1. Can the handprint approach be used to quantify environmental benefits? 

RQ2. How can a coherent environmental handprint framework be developed across 

different environmental scopes? 

RQ3. How can the carbon handprint approach be applied at the regional level? 

RQ1 assumes that the handprint approach can be applied to different environmental 

scopes to assess the environmental benefits of products. To answer RQ1, there is a need 

to identify specific requirements related to the impact categories of air quality and nutrient 

and water use and quality in the context of footprinting and handprinting. It is assumed 

that the identification and clarification of the carbon handprint framework modification 

needs will make it possible to develop a coherent framework for assessing handprints in 

several environmental scopes (RQ2). 

RQ3 proposes that the carbon handprint will also be suitable for use in assessing 

environmental benefits at the regional level. To answer RQ3, there is a need to define the 

city- or regional-level handprint and to determine how the original carbon handprint 

approach should be modified to make it applicable at the regional level. Thus, there is a 

need to investigate the kinds of positive climate impacts that cities and regions can have.  

The publications included in this dissertation aim to answer the aforementioned RQs. 

Table 1.1 shows the relationships between the RQs and the publications. 
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Table 1.1: Relationships between the research questions and publications 
Publication RQ1 RQ2 RQ3 

I X   

II X   

III X X  

IV   X 

 

1.2 Research process 

This dissertation is an article-based dissertation (also referred to as a compilation 

dissertation) consisting of four peer-reviewed publications and a dissertation summary. 

Three of the publications (Publications I, II and IV) are published in scientific journals, 

and one (Publication III) is published in a peer-refereed conference proceedings 

document. The research process was initiated as part of the Business Finland-funded 

environmental handprint project carried out by LUT and VTT in 2018–2021. Several 

Finnish companies provided data and case studies for the project. The aim of the project 

was to develop an extensive framework for assessing environmental handprints, and the 

publications included in this dissertation represent only some of the results obtained from 

the project. However, the research conducted in the project had a considerable effect on 

the content of this dissertation. Publications II and III were derived directly from the 

research done in the environmental handprint project. Publication I is based on the 

research conducted in a parallel company project commissioned by a Finnish fuel 

company. Publication IV presents the results of the Carbon Handprint for Cities and 

Regions Project, which was commissioned by the Climate Leadership Coalition and 

funded by the Helsinki–Uusimaa regional council. The final reports of the projects related 

to the dissertation are available online (Grönman et al., 2021; Vatanen et al., 2021). 

1.3 Research scope 

The carbon handprint framework developed by Pajula et al. (2018) and Grönman et al. 

(2019) allows for the quantification and communication of the beneficial climate impacts 

of products and product systems. In the present study, the suitability of the handprint 

approach for air quality, nutrient use and water quality and use was investigated. In 

addition, the application scope was widened to include cities and regions. 

In the environmental handprint project, resource use was added to the environmental 

scope, and organisations and projects were added to the application scope. However, these 

were outside the scope of the present study. Figure 1.1 illustrates the environmental and 

application scopes of the environmental handprint framework and related publications. 
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Figure 1.1: Environmental and application scopes of the environmental handprint framework and 

their relation to the publications included in this dissertation (P). The subareas in black were 

within the scope of the present study, and those in grey were excluded from the study. 

 

Publication I focuses on the air quality handprint and provides a framework for assessing 

the beneficial air quality impacts of products and services. Air quality handprint 

assessment was demonstrated in the case study of paraffinic diesel fuel in a real operation 

environment. In the case study, the air quality indicators of nitrogen oxides (NOx) and 

fine particulate matter (PM2.5) were included in the calculations. 

Publication II concerns the applicability of the handprint approach in the context of 

nutrients and introduces a framework for assessing the positive impacts enhancing N 

cycles (i.e. N handprint). The feasibility of N handprint assessment was tested in the case 

study concerning recycled nutrient products in industrial symbiosis. 

Publication III presents the framework for assessing the air quality, nutrient, water and 

resource handprints of products, services, organisations and projects. However, in the 

present study, only previously described environmental and application scopes were 

included. Publication III also presents a case study of water handprint calculation, in 

which a novel water purification technology was used in a mining company’s wastewater 

treatment (WWT). 

Publication IV concerns the specific features of regional carbon handprint assessment and 

provides a framework for assessing and evaluating the climate leadership actions 

implemented by cities and regions. The handprint assessment approach for cities and 

regions was applied in the case study involving the city of Espoo. 

Environmental Handprint Framework

Environmental scope Application scope

Climate change (P IV)

Water use and quality (P III)

Nutrient use (P II)

Air quality (P I)

Resources

Products (P I, II, III)

Organisations

Services (P IV)

Projects

Cities and Regions (P IV)
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1.4 Structure of the dissertation 

This dissertation consists of six chapters and is structured as discussed below. 

Chapter 1 briefly provides the background of the study topic, introduces the objective and 

research questions, clarifies the scope of the study and describes the research process 

employed and the structure of the dissertation. 

Chapter 2 reviews the recent scientific research relevant to the scope of the dissertation. 

The objective of the chapter is to present an overall view of the research associated with 

assessing and communicating positive environmental impacts and with handprint 

approaches. 

Chapter 3 describes the materials and methods that were used in the present study and the 

case studies that were conducted. 

Chapter 4 presents the research contribution of the present study by introducing the main 

results of the case studies presented in each publication and drawing combined 

conclusions. 

Chapter 5 discusses the theoretical and practical implications of the present study’s 

findings, the study limitations and further research needs. 

Chapter 6 summarises the main findings and contributions of the present study. 
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2 State of the Art 

 

This chapter introduces the background of the present study and the relevant scientific 

research related to its topic. Assessment of positive environmental impacts is first 

discussed at a general level, and then handprint thinking and approaches are discussed. 

Communication of positive environmental impacts is also reviewed. 

2.1 Assessment of positive environmental impacts 

Environmental impacts refer to any changes in the natural environment that directly result 

from activities (Abdallah, 2017). Most impacts are adverse, such as GHG emissions from 

the use of fossil fuels driving climate change or biodiversity losses due to land use 

changes. Thus, managing environmental impacts over products’ and services’ life cycles 

is crucial to preserving the biosphere and human living conditions for the next generations 

(Pajula et al., 2017). However, according to Bjorn et al. (2020), despite the implemented 

ecoefficiency actions, the impacts of production and consumption activities remain too 

high for ensuring operation within safe environmental boundaries. This is due to the 

steady economic growth. Thus, solely mitigating harmful impacts is not adequate for 

ensuring the achievement of sustainability goals; proactive enhancement of positive 

contributions is needed (Bjorn et al., 2020; Di Cesare et al., 2018; Dijkstra-Silva et al., 

2022; Kühnen et al., 2022). 

The assessment of environmental impacts has traditionally concentrated on capturing 

only the harmful side and consequently on reducing the detected adverse impacts 

(Dijkstra-Silva et al., 2022; Sala et al., 2012). However, the urgent need to assess and 

promote companies’, products’ and services’ positive contributions to sustainable 

development has been widely acknowledged from the environmental, social and 

economic perspectives (Grönman et al., 2019; Husgafvel, 2021; Kühnen et al., 2022, 

2019; Norris, 2015). Nevertheless, the inclusion of a positive point of view of 

sustainability still has several challenges. Firstly, according to Dijkstra-Silva et al. (2022), 

there is no consensus on the definition of ‘positive contributions to sustainability’, and in 

many cases, they predominantly refer only to lessening the harm done. Although the 

reduction of adverse impacts has a significant role in companies’ and organisations’ 

sustainability work, making more widespread contributions to sustainability at the local, 

regional and even planetary levels requires positive actions (Hjalsted et al., 2021; 

Whiteman et al., 2013). Secondly, the need for robust sustainability performance 

measurement and assessment approaches has been recognised. Despite the existence and 

rapid evolution of methods assessing positive impacts, there is no consistent and 

standardised framework for assessing positive impacts; the existing frameworks are 

complex and incoherent. Table 2.1 shows examples of different approaches to assessing 

positive contributions to sustainability from an environmental perspective. 
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Table 2.1: Approaches to assessing positive environmental impacts 

 
LUT = Lappeenranta-Lahti University of Technology LUT; VTT = Technical Research Centre of Finland; 

SHINE = Sustainability and Health Initiative for NetPositive Enterprise; WRI = World Resources Institute; 

LCA = life cycle assessment; ISO = International Organization for Standardization; GHG = greenhouse gas 

 

All the methods and frameworks listed in Table 2.1 aim to indicate beneficial impacts on 

the environment or on sustainability. However, their perspectives, definitions and 

calculation guidelines vary. In general, handprint assessments aim to estimate positive 

impacts in footprint-consistent units. In the present study, three handprint approaches 

were closely considered: the carbon handprint approach developed by LUT University 

and VTT (Grönman et al., 2019; Pajula et al., 2018), the handprint framework developed 

in the SHINE project led by Gregory Norris (Norris, 2015; Norris et al., 2021) and the 

handprint approach developed in The Collaborating Centre on Sustainable Consumption 

and Production in Wuppertal and published by Kühnen et al. (2019). These approaches 

were chosen as they were derived from the most recent studies on the topic and also aim 

to give guidelines for quantitative handprint assessment. 

In handprint approaches, a baseline is needed to justify a positive change. Typically, the 

footprint of a solution with potential beneficial impacts is compared to that of a baseline 

solution (Grönman et al., 2019; Norris et al., 2021); thus, baseline selection significantly 

affects the handprint results. The baseline should be defined from a period representing 

the current state of an influenced system and that is long enough to include the variations 

in an operating environment. Although the handprint is calculated for a product, service 

or solution, the credits are given to the solution provider or to the actor implementing the 

actions. 

Regarding the scopes of the approaches, the carbon handprint approach by LUT 

University and VTT concentrates on the impact category of climate change (Grönman et 

Handprint approaches Authors Scope
Applicational 

scope

Consistent 

standards

Carbon handprint 

LUT&VTT

Grönman et al. 2019, 

Pajula et al. 2018
Climate change

Products and 

services

ISO 14040-44, ISO 

14067

SHINE Norris et al. 2021
All LCA relevant 

impact categories
Actions

Partially ISO 14040-

44 compliant

Kühnen et al. 2019 Kühnen et al. 2019

37 environmental, 

economic and social 

indicators

Products ISO 14040-44

Avoided emissions 

frameworks

Avoided emissions 

framework (AEF)

Mission Innovation 

2020
Climate change

Products, system 

solutions, companies 

and cities

GHG Protocol

Comparative emissions WRI, Russel 2019 Climate change Products GHG Protocol
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al., 2019), whereas the SHINE method and the handprint approach by Kühnen et al. 

include several indicators (Kühnen et al., 2019; Norris et al., 2021). Handprint approaches 

mainly follow the principles of LCA, with specific additions and minor differences, such 

as those concerning the functional unit and system boundary setting (Grönman et al., 

2019; Norris et al., 2021). There are other important differences related to setting a 

baseline and allocating a handprint to the different actors involved. The features of the 

selected handprint approaches are discussed in greater detail in section 2.3. 

The concept of avoided emissions closely resembles handprint thinking. Avoided 

emissions frameworks are suggested, for example, by Mission Innovation (2020) and 

WRI in their respective working papers (Russell, 2019). According to Mission Innovation 

(2020), avoided emissions describe whether a solution (product or service) enables the 

same function to be performed with significantly less emissions than in a business-as-

usual (BAU) scenario. The main purpose of the framework is to provide a method for 

assessing and comparing the current and potential impacts of novel solutions to GHG 

emission reduction and thus promote a way to a net zero development path. The working 

paper for estimating and communicating comparative emissions (Russell, 2019) presents 

a framework for estimating the GHG emission impacts of products or services compared 

to situations where such products or services do not exist. The differences in GHG 

impacts may be negative or positive, and positive differences are referred to as avoided 

emissions. However, rather than giving detailed calculation guidelines, the framework 

seeks to address central generic issues when assessing the comparative impacts of 

products, especially at companies. 

Both approaches concerning the assessment of avoided emissions use the guidelines 

given in the GHG Protocol and are suitable only for assessing climate impacts (Mission 

Innovation, 2020; Russell, 2019). The AEF by Mission Innovation (2020) enables 

assessment of avoided GHG emissions of products/solutions, system solutions and 

companies. The framework by WRI provides guidelines for the study of products’ 

comparative GHG emissions (Russell, 2019). 

2.2 Handprint thinking 

The core idea of handprint thinking is to encourage the implementation of actions with 

positive impacts. The term ‘handprint’ was introduced in 2007 by the United Nations 

Educational, Scientific and Cultural Organization as a measure for Education for 

Sustainable Development action to decrease the human footprint (Handprint Actions 

towards Sustainability, n.d.). Since then, handprints have emerged from several 

independent quarters in response to footprint approaches (Biemer et al., 2013; Grönman 

et al., 2019; Kühnen et al., 2019; Norris, 2015). However, to avoid confusion in 

terminology, handprint thinking should be separated from handprint assessments. 

Whereas handprint thinking provides an uncontroversial, conceptual basis for all 

handprint-related work, handprint assessment frameworks vary greatly in their 

definitions, contents and guidelines (Guillaume et al., 2020). 
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Guillaume et al. (2020) proposed three main principles of handprinting. Firstly, the main 

aim of handprints is to encourage actions with positive impacts. This can be done in 

several ways, such as by providing indicators to identify improvement potential or 

positive impact evaluation or by providing tools to support decision-making. Secondly, 

handprint thinking is closely linked to consideration of footprint reductions or other 

negative measures, but adding value to them. Footprints and handprints often use the same 

impact indicators and, in some cases, have the same notions of indirect impacts. Added 

value due to handprints may be created, such as by using positive impact indicators, 

utilising relative points of view in assessments or acknowledging systemic levels to 

achieve widespread positive impacts. Thirdly,  handprint thinking aims to point out future 

potential rather than measure only realised actions and results. The importance of 

considering alternative decisions and potential improvement actions leading to 

differences in analysis, consequences and results has also been highlighted by Lahtinen 

et al. (2017). 

2.3 Classification of handprints 

Due to the rapid evolution of handprints over the past years, the methods, practices and 

terms used are inconsistent (Guillaume et al., 2020). Consistent classification and 

terminology will promote the evolution, use and communication of handprints 

(Alvarenga et al., 2020). Alvarenga et al. (2020) suggested a framework for classifying 

handprints intended to be used in LCA and life cycle sustainability assessment studies. 

The classification, based on attributional LCA, was the first attempt to categorise 

handprints uniformly. 

Alvarenga et al. (2020) categorised handprints into three main types: direct, indirect and 

relative handprints. These can be further divided into subcategories. The direct handprint 

refers to a product’s possible (absolute) positive impacts for its intended users (IUs). 

Absolute positive impacts may arise due to the product’s functional properties or 

intervention flows. The direct handprint can be communicated when the product’s 

beneficial impacts are higher than its adverse impacts (Alvarenga et al., 2020). Previous 

studies on the direct handprint are presented, such as those by Saarinen et al. (2017) and 

Stylianou et al. (2016), related to the benefits achieved with a certain diet. 

The indirect handprint refers to a product’s possible (absolute) positive impacts for 

subjects other than its IUs (unintendedly affected subjects [UASs]), and its mechanisms 

are similar to those of the direct handprint (Alvarenga et al., 2020). A footprint-consistent 

indirect handprint approach was used, for instance, by Pini et al. (2017) to assess coating 

materials in buildings to generate a benefit for terrestrial acidification. 

The relative handprint refers to a product’s possible (relative) positive impacts for its IUs 

or UASs compared to a baseline product due to the product’s improved functionality 

and/or intervention flows. Apart from the results of traditional comparative life cycle 

sustainability assessment studies focusing on downstream products with potential 

upstream benefits, the relative handprint describes benefits for downstream customers 
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due to a final application (Alvarenga et al., 2020). The handprint assessment for 

renewable diesel by Grönman et al. (2019) represents a relative approach to handprinting. 

2.4 Handprint approaches 

In this chapter, three handprint approaches are introduced in greater detail: the carbon 

handprint approach by LUT University and VTT (Grönman et al., 2019; Pajula et al., 

2018), the SHINE handprint framework (Norris, 2015; Norris et al., 2021) and the 

handprint approach by Kühnen et al. (2019). AEF is also introduced. 

2.4.1 Carbon handprint approach by Lappeenranta-Lahti University of 

Technology LUT and Technical Research Centre of Finland 

Carbon handprint is an LCA-based approach that enables the assessment of a product’s 

or product system’s beneficial climate impacts compared to the BAU scenario or baseline 

solution (Grönman et al., 2019; Pajula et al., 2018). According to Pajula et al. (2018), a 

product’s carbon handprint can be quantified by comparing the carbon footprints of 

baseline and handprint solutions when used by customers. However, the key principle is 

that reducing only one’s own footprint is not a handprint; instead, the carbon footprint of 

a defined customer should be reduced due to the studied handprint solution because, based 

on LCA, carbon handprint assessment is conducted throughout the whole life cycle of the 

studied system (i.e. from cradle to grave). Another fundamental issue is setting a 

reasonable baseline for comparison, which significantly affects the results. As an LCA-

based metric, the handprint assessment framework comprises the typical LCA phases, 

with some additional steps. The stages and steps of carbon handprint assessment are 

considered more closely in section 3.3. 

Carbon handprints can be created in different life cycle stages of handprint products or 

services, as shown in Figure 2.1 (Pajula et al., 2018). The handprint solution may have 

lower emissions in cradle-to-gate processes, such as through reduced material 

consumption in manufacturing (Figure 2.1, handprint solution A), or it may achieve GHG 

emission reductions in gate-to-grave processes, such as through energy efficiency (Figure 

2.1, handprint solution B). There can also be two different ways to achieve a handprint in 

the same handprint solution. Increases in carbon footprints in either the cradle-to-gate or 

gate-to-grave processes are allowed as long as the total carbon footprint of a handprint 

solution is lower than that of the baseline (Grönman et al., 2019). 
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Figure 2.1: The two main mechanisms for handprint creation. The upper parts of the pillars with 

solid lines show the carbon footprints of cradle-to-gate processes, and the lower parts show the 

carbon footprints of gate-to-grave processes (reproduced from Pajula et al., 2018). 

 

Carbon handprints provide information about positive climate impacts by communicating 

a customer’s carbon footprint reduction compared to the baseline situation. This 

information can be used for marketing and communication purposes, especially for 

potential customers of a handprint solution. In addition to marketing and communication 

purposes, a carbon handprint is a useful tool for identifying the improvement potential 

across the life cycles of products and services from a climate perspective. Companies 

should simultaneously aim to reduce their products’ carbon footprints and maximise 

handprints. However, it is important to note that a footprint can never be subtracted from 

a handprint. The carbon handprint can also be utilised for decision-making as it provides 

reliable information for comparisons. The typical target groups for communications are 

consumers and companies, but there are other potential audiences, such as other 

organisations, industries, political decision-makers and communities.  

2.4.2 Sustainability and Health Initiative for NetPositive Enterprise handprint 

SHINE provides a framework for assessing positive environmental, social and economic 

changes called handprints (Norris, 2015; Norris et al., 2021). Its core idea is to quantify 

the positive actions and changes caused by an actor and to compare them to those in the 

BAU scenario in footprint-related metrics. As stated by Norris et al. (2021), the SHINE 
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handprint is dynamic, which means that an action’s possible impacts are measured in 

comparison to a scenario without the specified action (i.e. the BAU scenario). Handprints 

can be created within and outside the scope of the actor’s footprint by achieving footprint 

reductions for the actor itself (internal handprint) or by achieving reductions in some other 

actors’ footprints when compared to BAU (external handprint). The total handprint of an 

actor can be calculated as the sum of the internal and external handprints. In addition to 

handprints, SHINE proposes the concept of net positivity, which can be achieved by doing 

more good than harm (Norris et al., 2021). 

SHINE utilises dynamic LCA-based modelling and includes the four main phases of 

LCA: goal and scope definition, inventory analysis, impact assessment and interpretation 

of results (Norris et al., 2021). The first phase has the most differences from the ISO LCA 

method, such as in terms of scoping, system boundary setting and functional unit. In terms 

of scope, that of SHINE includes actors (e.g. companies, institutions, organisations, 

individuals) instead of products. In terms of system boundaries, unlike in the typical 

product-focused LCA, in the SHINE approach, the system boundaries are expanded 

beyond the scope of the actor’s footprint because the aim is to acknowledge the wider 

influences of actions, including the ripple effects. The most noticeable difference 

concerns the functional unit; in the SHINE footprint and handprint assessment, no 

functional unit is needed as the comparison is performed between two different scenarios: 

with and without a specified positive action. (Norris et al., 2021.) 

In the inventory analysis phase, data regarding all input and output flows related to a BAU 

scenario and a positive change are gathered. In the impact assessment phase, handprints 

are quantified by evaluating the environmental, social and economic impacts in the same 

units as footprints with the existing life cycle inventory (LCI) databases. In the last phase, 

the results are interpreted, but the net positivity of an actor may also be assessed. This can 

be done by comparing the magnitude of an actor’s footprint with that of the actor’s 

handprint for each studied impact category with similar temporal boundaries. 

Consequently, an actor may become net positive when its handprint is higher than its 

footprint in the studied time frame. (Norris et al., 2021.) Thus, the SHINE handprint 

approach allows for subtracting the footprint, for example, of an organisation, from its 

handprint to achieve net positivity. 

The main purposes of the SHINE method are to provide a framework for assessing and 

quantifying positive changes and to encourage actors to implement actions with positive 

impacts. This may further help reduce adverse environmental and social impacts. (Norris 

et al., 2021.) 

2.4.3 The handprint approach by Kühnen et al. 

Kühnen et al. (2019) introduced a handprint approach for assessing businesses’ positive 

contributions to the attainment of the SDGs. The aim of the framework is to widen the 

perspective from concentrating only on the reduction of negative and unsustainable 

business practices to covering actions striving to promote beneficial contributions to 
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sustainable development. The approach is based on environmental LCA and is in line 

with ISO 14040 (2006) and 14044 (2006), hence following the typical steps of LCA, but 

with the SDGs integrated into it. Additionally, the handprint framework utilises fuzzy set 

theory to consider the verbal fuzziness of the SDGs for companies and their products in 

the evaluation (Kühnen et al., 2019). The framework suggests prioritised handprint 

indicators allocated for the social, environmental, economic, governance and institutional 

areas and relates them to relevant SDGs. The approach is aimed at companies and is 

applicable to different sectors, from local to global operations (Kühnen et al., 2019). 

Similar to LCA, handprint calculation includes goal and scope definition, data inventory, 

evaluation and interpretation phases (Kühnen et al., 2019). In the first phase, the objective 

of the assessment and the studied product are described, and the functional unit and 

system boundaries are defined. Handprint indicators are also selected from the suggested 

indicator pool and prioritised, and suitable UN SDGs are selected to set the reference 

point from a normative perspective. The main purpose of the indicators is to reflect 

contributions to different SDGs at the fuzzy level, in accordance with fuzzy set theory, 

rather than acting as precise indicators. In the second phase, data from all the life cycle 

stages of the studied product are gathered, in line with the principles of LCA. In the third 

phase, the potential positive contribution of the studied product to sustainable 

development is evaluated, and the fuzziness of the SDGs at the organisational and product 

levels is addressed by applying a fuzzy set approach. In the fourth and final phase, the 

handprint results are interpreted. The required sensitivity analyses and critical review are 

also conducted, and recommendations for further actions to increase the positive 

contribution to the SDGs are given. However, as the method is still under further 

development and the authors are calling for more case studies, some method 

specifications are needed. (Kühnen et al., 2019.) 

2.4.4 Avoided Emissions Framework 

AEF provides guidelines for measuring, assessing and comparing the impacts of 

innovations that lead to GHG emission reduction, hence contributing to a net zero 

development path (Mission Innovation, 2020). In general, the avoided emissions concept 

aims to communicate whether a product or service enables the same function to be 

performed with less GHG emissions. As the assessment is based on comparison, the 

lifetime GHG emissions of the enabling solution are compared to those of a baseline 

scenario (i.e. a scenario without the enabling solution) or the BAU scenario. The method 

is applicable to products and solutions, system solutions and companies and is closely 

linked to the GHG Protocol. The main purpose of the framework is to provide a method 

for assessing and comparing both the current and potential impacts of novel solutions to 

help reduce GHG emissions and thus promote a way to a net zero development path. 

However, in communications, avoided emissions should be clearly reported separately as 

they are not allowed to be subtracted from the company’s own emissions. (Mission 

Innovation, 2020.) 
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The AEF framework provides guidelines for calculating or quantifying avoided emissions 

(i.e. carbon abatement), which are caused by the ‘enabling effect’ of a technology or 

solution (Mission Innovation, 2020). To assess system-level GHG emission reduction, 

the emissions from four different categories need to be calculated: those from the BAU 

scenario (without the enabling solution), the avoided emissions due to the use of the 

enabling solution, the direct life cycle emissions of the enabling solution and the rebound 

effect, which refers to the increase in BAU emissions as a result of the enabling solution 

implementation (Figure 2.2). After the calculation of the different categories, the net 

avoided emissions can be derived by deducting the direct solution emissions and rebound 

emissions from the enabling avoided emissions. Alternatively, net avoided emissions can 

be defined in relation to the BAU scenario, by deducting the emissions of the solution-

enabled scenario from those of the BAU baseline scenario (Mission Innovation, 2020). 

 

 

Figure 2.2: Calculation of net avoided emissions (Mission Innovation, 2020). 

 

The net avoided emissions of each individual enabling solution are calculated by 

determining the carbon abatement factor, which describes the net avoided emissions per 

unit of the solution implemented (Mission Innovation, 2020). In calculations defining the 

system boundaries, the functional unit and life cycle perspectives are used in line with 

LCA studies.  

2.5 Communication of positive environmental impacts 

The public awareness of environmental challenges has increased the pressure on 

companies to better communicate their environmental performance and provide more 

sustainable offerings (Dangelico and Vocalelli, 2017; Gelderman et al., 2021; Zhang et 

al., 2018). Reliable and understandable information is also needed to support 

environmentally friendly consumer decisions because, aside from the reduction of their 

impacts, consumers’ choices put pressure on businesses and governments to follow the 

same path (Testa et al., 2020). On the other hand, marketing environmentally sustainable 
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products is necessary to enable their spread in the market (Dangelico and Vocalelli, 2017; 

Rex and Baumann, 2007). However, the integration of environmental sustainability into 

marketing, also referred to as green marketing, has some challenges (Dangelico and 

Vocalelli, 2017; de Freitas Netto et al., 2020) and may lead to greenwashing, in which 

companies mislead consumers about their environmental performance or the 

environmental benefits of their offerings (Delmas and Burbano, 2011). This is often seen 

as a challenge, especially for marketing focused on positive environmental impacts 

(Russell, 2019). In businesses and industries, positive aspects are preferred as they can be 

used effectively in marketing; thus, maximising positive results can be more important 

than reducing the impacts of negative aspects (Croes and Vermeulen, 2021; Di Cesare et 

al., 2018). 

 

Communicating environmental benefits and avoiding greenwashing in consumer 

communication require the use of robust, harmonised and science-based indicators by 

companies. Transparency, external verification and inclusion of the whole life cycles and 

supply chains of products and services may further help prevent both intentionally and 

unintentionally misleading marketing (Szabo and Webster, 2021). The carbon handprint 

approach aims to provide such a communication tool for both marketing and decision-

making purposes (Grönman et al., 2019). However, harmonised and generally accepted 

methods for assessing and communicating positive impacts with wider applications are 

needed. 
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3 Materials, Methods and Case Descriptions 

This chapter describes the research process and methods used in the development of the 

environmental handprint framework. As LCA provided an important basis for the work 

in the present study, the LCA method and LCA-derived carbon, nutrient and water 

footprint approaches are presented in detail herein, along with the carbon handprint 

framework. Towards the end of this chapter, the method aspects, assumptions and data of 

each publication are presented. 

To develop a comprehensive and practically feasible framework for assessing positive 

impacts at different levels, a multi-method approach (Morse, 2003; Spratt et al., 2004) 

was used. In such an approach, different methods are combined in the same study of a 

single, specified research paradigm, and various quantitative and qualitative approaches 

to data collection, analysis and interpretation can be used together (Spratt et al., 2004). 

Consequently, a multi-method approach enables wider consideration than a single 

approach. Additionally, more comprehensive results can be achieved as the strengths of 

different approaches can be utilised and the weaknesses can be outlined (Spratt et al., 

2004). The stages of multi-method research are shown in Figure 3.1. 

 

Figure 3.1: Research process. 

 

The research process started with a review of the scientific literature concerning the 

assessment of positive environmental impacts, footprinting, handprinting and specific 

characteristics of relevant environmental impacts. Existing standards and frameworks 

were also scrutinised. The reviewed literature is described in this dissertation and in 
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Publications I–IV. Another significant starting point for the research was the carbon 

handprint approach introduced by Pajula et al. (2018) and Grönman et al. (2019), which 

is closely linked to LCA and carbon footprinting. The literature review was followed by 

discussions with company representatives from various industrial fields to map 

companies’ needs for and practices regarding the assessment and communication of 

beneficial environmental impacts. Four workshops were organised, each focusing on a 

different environmental or application scope of the present study. The first two steps of 

the method enabled the first draft of the environmental handprint framework to be 

outlined. To test and further develop the framework, several case studies representing the 

environmental and application scopes of the present study were conducted. Bilateral 

discussions of the data derived from the company stakeholders were held to paint a 

comprehensive picture of the cases. The case studies provided important information on 

the framework’s deficiencies and development needs; thus, their results were used 

iteratively to modify the framework. As the outcome, scientific publications creating 

bases for this dissertation were published. 

3.1 Life cycle assessment 

LCA is a method that can be used to evaluate the potential environmental impacts of 

product systems throughout their life cycles (ISO 14040, 2006). It is widely used when 

seeking opportunities to improve products’ environmental performance and identifying 

environmentally critical life cycle points. In companies, governments and other 

organisations, LCA can be utilised for decision-making and marketing, and the results 

may facilitate the identification of relevant indicators that can be used for assessing 

products’ environmental performance. LCA has been standardised by ISO in ISO 14040 

(2006), which defines the principles and framework of LCA, and ISO 14044 (2006), 

which defines the requirements and guidelines. According to ISO 14040, LCA consists 

of four main phases: goal and scope definition, inventory analysis, impact assessment and 

interpretation of results (ISO 14040, 2006), as presented in Figure 3.2 with LCA 

application examples.  
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Figure 3.2: Main phases and direct applications of life cycle assessment (ISO 14040, 2006). 

 

In the first phase of LCA, the goal and scope of the assessment are defined. The aim is to 

identify the purpose of the assessment and the details needed to carry out the calculation 

for the studied product or product system. According to ISO 14040 (2006), goal definition 

should describe why the assessment is to be conducted, what the intended application is, 

which target groups the results are aimed at and whether the results are intended to be 

used in public comparative assertions. Defining a scope determines the details needed for 

the assessment, including a description of all relevant issues to enable an accurate 

assessment. With regard to a studied product or product system, the function, system 

boundaries, potential allocation procedures, assumptions, limitations and requirements 

related to data gathering and quality are described. The relevant environmental impact 

categories are identified, and the method to be used for impact assessment are described. 

To ensure reliability, the type of critical review to be used and how to report the results 

are considered. Accurate and sufficient goal and scope definition creates the basis for 

reliable LCA. However, due to the iterative nature of LCA, the defined aspects of the 

scope can be specified later to meet the described goal (ISO 14040, 2006). 

In LCA studies, the potential environmental impacts are studied in relation to the 

functional unit of a product system. The functional unit describes the ‘quantified 

performance of a product system for use as a reference’ (ISO 14044, 2006) and allows 

the comparison of two different systems by providing a measurable and accurate quantity 

based on the performance of the studied solution at the use phase. The system boundaries 

define the unit processes that must be included in the LCA and are often presented using 
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process flow diagrams (ISO 14044, 2006). According to the main principle of LCA, all 

the life cycle stages of the studied product shall be included (cradle-to-grave approach). 

Sometimes, it may be reasonable to evaluate limited system boundaries, such as cradle-

to-gate or gate-to-gate studies, through LCA, but these studies cannot be considered real 

LCA or LCI studies (ISO 14040, 2006). 

LCI analysis is the second phase of LCA (ISO 14040, 2006). It involves data collection 

and inventory building of the relevant inputs and outputs of the product system being 

studied according to the defined goal and scope. Data can be collected from various 

sources and may comprise primary and secondary data from manufacturers, literature 

sources or calculations or estimates (ISO 14044, 2006). Data are collected for a defined 

system from each unit process in every life cycle phase, and they can be categorised as 

energy inputs, raw material inputs, ancillary inputs or other physical inputs, products, co-

products, wastes and emissions to air, water, soil and other environmental aspects (ISO 

14044, 2006). As the data collection progresses, new data needs may arise, and limitations 

may appear, requiring changes in the data-gathering procedure. Sometimes, revisions to 

the previously defined goal and scope may also need to be considered. 

The third phase, referred to as life cycle impact assessment (LCIA), relates the LCI results 

to the potential environmental impacts in relation to the functional unit of the assessment 

(ISO 14040, 2006). Inventory data are generally associated with specific environmental 

impact categories and category indicators to provide information for the interpretation 

phase of LCA. To comprehensively conduct LCIA, three mandatory elements should be 

included: (1) selection of relevant impact categories, category indicators and 

characterisation models; (2) classification of the LCI results into selected impact 

categories and (3) calculation (characterisation) of the category indicator results (ISO 

14040, 2006). In addition, optional elements, such as normalisation, grouping, weighting 

of results and analysis of data quality, can be included (ISO 14044, 2006). 

In the LCIA phase, environmental impacts are characterised at the midpoint or endpoint 

level (ISO 14040, 2006). Midpoint impact categories focus on certain environmental 

problems, such as climate change and acidification, whereas endpoint indicators describe 

the final impacts of environmental problems on the three areas of protection: human 

health, natural environment and natural resources (EC-JRC, 2010). In LCA studies, the 

selected category indicators should comprise all the environmental issues that are relevant 

to the studied product system or the study’s defined goals. The International Reference 

Life Cycle Data System handbook for LCA studies (EC-JRC, 2010) recommends that at 

least the following midpoint impact categories be included in LCA studies: climate 

change, stratospheric ozone depletion, human toxicity, respiratory inorganics, ionising 

radiation, ground-level photochemical ozone formation, acidification (land and water), 

eutrophication (land and water), ecotoxicity, land use and resource depletion (minerals, 

fossil and renewable energy resources, water). The midpoint and endpoint impact 

categories and their relationships are shown in Figure 3.3. 
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Figure 3.3: The midpoint and endpoint impact categories and their relationships, modified from 

EC-JRC (2010). 

 

The final phase of LCA is interpretation, which presents the results of the inventory 

analysis and impact assessment phases in terms of the goal and scope of the study (ISO 

14040, 2006). Moreover, the completeness, sensitivity and consistency should be 

evaluated, and the conclusions, limitations and recommendations should be included (ISO 

14044, 2006). 

There are two main types of LCA: attributional and consequential. Attributional LCA 

(aLCA) aims to describe all environmentally relevant input and output flows related to 

the life cycle of the studied product or product system and its subsystems. Consequential 

LCA (cLCA), on the other hand, aims to show the changes in environmentally relevant 

flows due to the possible decisions to be made (Finnveden et al., 2009). In addition to 

different purposes, the choice between the models affects the choice of method to use in 

LCA, such as in terms of input data and system boundaries (Ekvall, 2020). Setting the 

study’s aim is also affected as the approaches answer different questions. While aLCA 

determines the studied object’s share of the global environmental burden, cLCA 

determines how the studied object affects the global environmental burden. Thus, 

contrary to aLCA, cLCA can also include beneficial environmental impacts and indirect 

consequences outside the studied object’s life cycle (Ekvall, 2020). As cLCA can reveal 
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system-wide changes in emissions and impacts, it is recommended for use in decision-

making contexts (Russell, 2019). However, it is unclear which of the two LCA types 

should be used in certain cases. 

3.2 Footprinting 

The term ‘footprint’ describes the lifetime environmental impacts of the studied products, 

systems, services, organisations or regions and is generally accepted and used by various 

actors to evaluate the environmental burden of different environmental aspects (Hoekstra 

and Wiedmann, 2014; ISO 14067, 2018). This chapter introduces the carbon, nutrient and 

water footprints as they create the bases for the corresponding handprint assessments. 

3.2.1 Carbon footprint 

Measuring and managing GHG emissions across value chains is essential in climate 

change mitigation. The carbon footprint can be used to quantify the lifetime GHG 

emissions and reductions of products and services expressed as CO2 equivalents. Several 

protocols, including Publicly Available Specification 2050 (PAS 2050, 2011), GHG 

Protocol Product Standard (WRI/WBCSD, 2011) and ISO 14067 Carbon Footprint of 

Products (ISO 14067, 2018), have been developed for carbon footprint calculation. In 

addition, there are available guidelines for assessing the carbon footprints of 

organisations, projects and cities (GHG Protocol, 2022). In the present study, the ISO 

standards for carbon footprinting were used as bases for carbon handprint calculations. 

The ISO 14040 family provides consistent guidelines for quantifying, monitoring, 

reporting and validating GHG emissions and removals (ISO 14067, 2018). ISO 14067 

(2018) introduces more specific principles, requirements and guidelines for the 

quantification of products’ carbon footprints. Carbon footprint calculation strictly follows 

the principles of LCA but includes only one impact category in the LCIA phase: climate 

change. Thus, all the four main phases of LCA (goal and scope definition, LCI, LCIA and 

life cycle interpretation) are included in carbon footprint studies (ISO 14067, 2018). 

3.2.2 Nutrient footprint 

Nutrients are needed in large quantities in food production and industries (Kahiluoto et 

al., 2014; Sutton et al., 2013). However, due to human interaction, nutrient cycles have 

been disrupted, leading to various environmental impacts, such as in terrestrial and 

aquatic ecosystems (Galloway et al., 2014; Rockström et al., 2009; Steffen et al., 2015). 

Several methods have been developed to understand nutrient flows and their 

environmental impacts and to identify the nutrient use hotspots across the value chain 

(Erisman et al., 2018; Leach et al., 2012; Noll et al., 2020; Sutton et al., 2013; Uwizeye 

et al., 2016). However, due to the non-generalisable nature of different nutrients, the 

present study focused on the N nutrient and the methods suitable for assessing its flows. 

As the methods and indicators are numerous and serve different purposes, in the present 
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study, the LCA-based nutrient footprint approach introduced by Grönman et al. (2016) 

was selected as the basis for N handprint development. 

The nutrient footprint is a resource efficiency indicator that aims to invent nutrient flows 

and the nutrient balance of a system by taking into account both nutrient intake and 

nutrient use efficiency (Grönman et al., 2016). This method is suitable for assessing the 

N or P balances of food chains and other bio-based production chains. The approach 

includes the entire life cycle of the studied production chain, but unlike traditional LCA, 

the assessment is limited to the inventory level (Grönman et al., 2016). However, in 

addition to the amounts of nutrients, the nutrient footprint also acknowledges the quality 

of nutrient flows. 

The nutrient footprint approach takes into account the virgin and recycled input nutrients 

and the nutrients lost from and still part of the nutrient cycle (Grönman et al., 2016). Input 

nutrients are separated into virgin and recycled ones because the major target in nutrient 

use reduction is virgin nutrients. According to Grönman et al. (2016), virgin nutrients 

refer to nutrients extracted from natural resources and converted to reactive forms for 

human use. On the other hand, recycled nutrients are already in human use. Nutrient 

losses to the environment may occur in several ways, such as through emissions to air or 

water or in a product’s end-of-life phase, via incineration, landfilling or other use 

practices that prevent further utilisation of nutrients. The main purpose of the nutrient 

footprint method is to assess nutrient use across the studied value chains and to show the 

nutrient hotspots for further improvement steps (Grönman et al., 2016). 

3.2.3 Water footprint 

The growing freshwater demand, challenges in water scarcity and degradation of water 

quality at the local, regional, national and global levels have increased the need for a 

better understanding of water-related sustainability aspects. The water footprint concept 

was first presented by Hoekstra and Hung (2002); thereafter, water footprint methods 

were developed to cover different aspects and scopes of water-related issues. To date, 

there are two existing methods for assessing water footprints: one by the Water Footprint 

Network (Hoekstra et al., 2011) and the other proposed by the LCA community (Bayart 

et al., 2010). In the present study, the LCA-based water footprint method was utilised to 

ensure coherence. 

Potential environmental impacts related to water can be estimated with the LCA-based 

water footprint assessment method described in ISO 14046 (2014) ‘Environmental 

management—Water footprint—Principles, requirements and guidelines’ and 14073 

(2017) ‘Environmental management—Water footprint—Illustrative examples on how to 

apply ISO 14046’. According to ISO 14046 (2014), a water footprint can be defined as a 

‘metric that quantifies the potential environmental impacts related to water’ and 

‘identifies quantity of water use and changes in water quality’. Comprehensive water 

footprint assessment should consider all the relevant attributes connected to the natural 
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environment, human health and resources, with a view to identifying potential trade-offs 

between attributes. 

Similar to the LCA procedure described in ISO 14044 (2006), water footprint calculation 

includes all the life cycle stages of the studied product system, process or organisation. 

Water footprint assessment begins with the goal and scope definition phase, followed by 

the water footprint inventory analysis, impact assessment and results interpretation phases 

(ISO 14046, 2014). The impact assessment phase may include the assessment of one or 

several impact categories related to different environmental mechanism categories. When 

a water footprint study is limited to covering only certain impact categories, a qualifier 

should be used to specify the studied impacts (ISO 14046, 2014). For example, ‘water 

scarcity footprint’ should be used for water quantity, and ‘water eutrophication footprint’ 

should be used for eutrophication impact. To present a comprehensive water footprint 

profile of the studied system, process or organisation, all the relevant water-related 

impacts should be included (e.g. water use, eutrophication, acidification, freshwater 

toxicity), and the study can be called a water footprint study even with no specified 

qualifier (ISO 14046, 2014). The water footprint profile may also be aggregated into a 

single parameter, with weighting according to ISO 14044 (2006). 

In the impact assessment phase, the results of LCIA are converted to the common unit of 

the category indicator with characterisation factors derived from characterisation models 

(ISO 14046, 2014). However, ISO 14046 does not specify the methods or characterisation 

factors that should be used for the assessment; thus, the selection of environmental impact 

categories and characterisation factors is done according to the potential environmental 

impacts due to the change in water scarcity level or quality caused by the studied system. 

As water-related environmental impacts are often local in character, site-specific 

conditions should be considered in characterisation (ISO 14046, 2016). 

3.3 Carbon handprint framework 

The main method that was used in the present study was the carbon handprint approach 

presented by Pajula et al. (2018) and further applied by Grönman et al. (2019). Carbon 

handprint calculation is guided by a step-by-step framework comprising four stages and 

10 steps. The four main stages are (1) identification of the operating environment,            

(2) definition of the LCA requirements, (3) quantification of the carbon handprint and   

(4) communication. The carbon handprint framework is presented in Figure 3.4. The 

stages and steps are elaborated on in the following paragraphs. 
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Figure 3.4: Stages and steps of the carbon handprint framework (modified from Pajula et al., 

2018). 

 

The first stage of the carbon handprint approach (identification of the operating 

environment) comprises three steps: identification of the product’s customers, 

identification of the handprint contributors and definition of the baseline (Pajula et al., 

2018). 

In the first step, the potential users (i.e. customers) of the studied product are identified 

(Pajula et al., 2018). Carbon handprint is defined as the reduction of a customer’s carbon 

footprint; thus, the recognition of the specific users is crucial. However, the studied 

product may have several uses, and its environmental impact may vary due to different 

users and geographical locations. Consequently, a number of potential customers should 
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In the second step, the potential handprint contributors are identified (Pajula et al., 2018). 

The aim is to recognise the hypothetical climate benefits of the product and to understand 

how the product will reduce a customer’s carbon footprint (Grönman et al., 2019).  The 

identification of handprint contributors may be challenging, and a preliminary 

consideration of the potential factors contributing to carbon footprints through rough data 

and modelling may be required (Pajula et al., 2018). Hypothesis formulation creates a 

basis for the subsequent steps of setting a baseline and system boundaries and should thus 

be done carefully. 

The third step (setting a baseline for comparison) is one of the most important steps in 

carbon handprint assessment as it has a major impact on the handprint results (Pajula et 

al., 2018). In a carbon handprint study, a carbon footprint is compared to that of a baseline 

solution, referring to a product that has the same function as the studied handprint solution 

(Pajula et al., 2018). Additionally, it should have the same use purpose for a customer as 

the handprint solution, and the temporal and geographical markets should be similar. With 

regard to the data quality, representativeness, system boundaries and assumptions, both 

the baseline and handprint solutions should be assessed uniformly (Pajula et al., 2018). 

The second stage of the carbon handprint approach defines the LCA requirements and is 

built on the principles of ISO standards on LCA and carbon footprinting in accordance 

with ISO 14040 (2006), 14044 (2006) and 14067 (2018) (Pajula et al., 2018). At this 

stage, the functional unit, system boundaries and data needs and sources are described. A 

functional unit is needed for comparing two systems as it provides a reference point for 

relating the GHG emissions of the handprint solution. As a product may have several 

functions, a functional unit must be determined based on the defined customer (Grönman 

et al., 2019).  

System boundaries are set according to the study’s goal and defined customers, and they 

should be similar in both the baseline and handprint solutions (Pajula et al., 2018). The 

system boundaries should be well founded and, ideally, modelled so that the inputs and 

outputs at the boundaries would be elementary flows (i.e. illustrate the flows from the 

environment and released into the environment). All unit processes from cradle to grave 

should be included, in line with the principles of LCA. The exclusion of life cycle stages, 

processes, inputs or outputs within the studied system is allowed when it will not 

significantly affect the overall results and is transparently communicated. Likewise, in 

cases where the life cycles of the compared solutions include identical life cycle stages 

that remain unchanged, these life cycle stages can be excluded from the study. However, 

the use stage should always be included as it forms the basis for handprint assessments 

(Pajula et al., 2018). 

After the definition of the functional unit and system boundaries, the data needs are 

identified and data are collected (Pajula et al., 2018). Primary and/or secondary data from 

various sources can be used. Principally, when the customer of the studied product can 

be specified, the most recent primary data must be used. In cases where the customer 

cannot be named, statistical or average data can be relied upon. It is recommended that 
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data be collected through one calendar year, and it must be representative with regard to 

the geographical, temporal and technological coverage and must be precise and complete, 

as stated in ISO 14044 (2006). 

Stage three of the carbon handprint approach involves the quantification of the carbon 

handprint (Pajula et al., 2018). To calculate the carbon handprint, the carbon footprints of 

the baseline and handprint solutions are quantified using equal functional units and the 

standardised method of calculating products’ carbon footprints, ISO 14067 (2018). 

Consequently, the carbon handprint can be calculated as the difference between the 

derived footprints in kgCO2eq. Generally, when the carbon footprint of a handprint 

solution is lower than that of a baseline solution, a carbon handprint is created (Pajula et 

al., 2018). It must be kept in mind that the carbon handprint is always assessed for named 

customers in specified circumstances and time frames and cannot be generalised for other 

situations (Grönman et al., 2019). 

In the fourth stage of the carbon handprint approach, a critical review is conducted, and 

the results are communicated (Pajula et al., 2018). The aim of the critical review is to 

verify the handprint calculation process and its results. A critical review is recommended 

to be conducted in all handprint studies, but especially when the results are used in 

business-to-consumer communication and when a product from another organisation is 

used as a point of comparison (Pajula et al., 2018). These requirements are in line with 

ISO 14040-44 and 14026 (2017). 

According to ISO 14026 (2017) and 14063 (2020), the results of handprint studies must 

be communicated based on the principles of appropriateness, clarity, credibility and 

transparency. Communications must include at least the following necessary points: the 

quantity and reference unit of the calculated handprint, the year the used data pertains to 

and descriptions of the customer, baseline scenario and major handprint contributors 

(Pajula et al., 2018). Information regarding how additional information will be provided 

to interested parties (contact information) must also be provided given. More detailed 

guidelines for communications are provided in the Carbon Handprint Guide (Pajula et al., 

2018). 

3.4 Workshops 

Four workshops were organised to provide background information and to obtain the 

companies’ viewpoints for the method development. All the relevant research and 

company partners of the project related to the topic of the workshop were invited to the 

workshops, and external experts from research organisations were also asked to join. The 

research partners who participated in the workshops included representatives from 

research institutes, Finnish companies, city and regional councils and non-profit 

organisations. The participant organisation types and number of participants in each 

workshop are summarised in Table 3.1. 
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Table 3.1: Participant organisations and number of participants in each workshop (WS) 

 
 

Every workshop concentrated on one element in the environmental or application scope 

of the environmental handprint framework under development. The topics of the 

workshops were as follows: 

Workshop 1: Air quality handprint 

Workshop 2: Water handprint 

Workshop 3: Nutrient handprint 

Workshop 4: Regional handprint 

All the workshops had similar structures consisting of introductory lectures by experts on 

the topics in question and an interactive workshop comprising discussions and 

considerations of case studies. 

Workshop 1 contributed to Publication I. The aims of the workshop were to identify the 

indicators that must be included in air quality handprint assessment, discuss air quality 

handprint contributors and obtain an overall picture of the air quality handprint from 

companies and other stakeholders. To begin, two introductory lectures on the air quality 

impacts of traffic and the impact of air quality on human health were delivered by experts 

from external research institutes. Additionally, the carbon handprint framework was 

briefly reviewed to ensure that the participants would have a basic understanding of the 

topic. Thereafter, a workshop with discussions was held to clarify critical issues regarding 

the scope and goal of air quality handprint assessment. Two main questions were 

considered: 

(1) Which indicators should be included in air quality handprint assessment? (Scope)  

(2) What is a feasible point for examining air quality handprints (inventory level, 

midpoint or endpoint methods)? (Goal)  
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In the third phase of the workshop, issues regarding goal and scope definition were 

discussed, and other relevant aspects were applied to the four case examples to obtain 

further insights. 

Workshop 2 contributed to Publication III. The aim of the workshop was to discuss and 

recognise relevant issues in the development of the water handprint approach. The carbon 

handprint approach and the reason for the necessity of the water handprint approach were 

first introduced. Then, two introductory presentations concerning water responsibility and 

water footprint methods were delivered. Finally, an interactive workshop was held to 

examine the water handprints of the case examples. 

Workshop 3 contributed to Publication II and considered the aspects of nutrient handprint 

assessment. The aim was to find out what kinds of nutrient footprint methods should be 

utilised in nutrient handprint assessment and how companies prefer to communicate 

beneficial impacts on nutrient cycles. Handprint assessment in general was first 

discussed, followed by the reasons for the necessity of the nutrient handprint approach 

and its challenges in nutrient use. In the workshops, four major questions were 

considered: What are the main issues to be communicated with regard to the nutrient 

handprint? Which sub-areas of nutrient footprint are necessary to include in handprint 

assessment? What is the communication unit of nutrient handprints? What are the most 

important aspects related to the nutrient handprint from the point of view of companies? 

Workshop 4 contributed to Publication IV. The aims of the workshop were to identify the 

demand for a carbon approach and to recognise handprint contributors in cities and 

regions. The main questions that were sought to be answered in the workshop were as 

follows: How can cities produce handprints? What are the main purposes of regional 

handprints? What sectors are the most important for GHG reduction? 

3.5 Literature review 

A scientific literature review was conducted to understand the state of the art in the field 

of assessment of positive impacts. A literature review refers to a systematic collection 

and synthesis of previous research on a certain topic and acts as a foundation for building 

and relating ongoing research on that topic (Snyder, 2019; Tranfield et al., 2003). When 

conducted well, a literature review can provide a basis for advancing knowledge and 

facilitating theory development (Webster and Watson, 2002). In addition, a literature 

review may inspire new ideas and directions in a particular field and pave the way for 

understanding research gaps and future research needs (Snyder, 2019). The results of the 

literature review in the present study provided an overview of the different methods that 

had been developed to assess positive contributions to the environment at the product, 

company and city levels, but also shed light on the specific features of different 

environmental impacts relevant to method development. 
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3.6 Case studies 

Four case studies related to different elements in the environmental and application 

scopes of the environmental handprint framework were conducted to support the 

development of the framework. These case studies are presented in Figure 3.5. 

 

  

Figure 3.5: The case studies conducted in the present study and their relationships with the 

different elements in the environmental and application scopes of the research. HVO = 

hydrotreated vegetable oil; N = nitrogen; EV = electric vehicle 

 

3.6.1 Air quality handprint 

The applicability of the carbon handprint approach to air quality is the focus of 

Publication I. As a first step in the case study presented in the publication, the specific 

characteristics and requirements for the air quality impact category were identified to 

recognise the carbon handprint framework’s modification needs according to the existing 

literature. Subsequently, modifications were applied to the original carbon handprint 

framework developed by Grönman et al. (2019). Secondly, a case study quantifying the 

potential air quality handprint of paraffinic renewable diesel (hydrotreated vegetable oil 

[HVO]) was conducted according to a previously modified handprint framework for air 

quality (Publication I, Figure 1). As the case study calculation provided information on 

the weaknesses and deficiencies of the newly developed air quality handprint framework, 
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further improvements were made iteratively to the air quality handprint assessment 

guidelines. 

In addition to developing the air quality handprint method, the aim of the case study was 

to determine whether using HVO in passenger diesel cars could reduce the NOx and PM2.5 

exhaust gas emissions in Helsinki, and if so, by how much. The achieved reduction would 

then be considered a handprint for HVO manufacturers. The air quality handprint 

assessment was done by quantifying the lifetime NOx and PM2.5 emissions from HVO 

and the baseline diesel. According to the carbon handprint guidelines, the handprint is 

calculated as the difference between footprints (Grönman et al., 2019). In the case of air 

quality, inventory-level data were used to quantify the lifetime NOx and PM2.5 footprints 

for the baseline diesel and HVO. Subsequently, the obtained results were compared to 

each other when any reduction in air pollutant emissions due to HVO use resulted in an 

air quality handprint. 

In the case study, the solution offered was HVO, a paraffinic renewable diesel fuel with 

zero aromatics that meets the requirements of the EN 15940 standard. Conventional diesel 

containing 7% biocomponents, in this case fatty acid methyl ester, was used as the 

baseline. In the carbon handprint approach, customer identification is focal (Grönman et 

al., 2019). In Publication I, the city of Helsinki, located in Finland, was used as the 

customer. The functional unit that was used in the study was kilometres covered by the 

defined diesel-powered passenger vehicle fleet in the Helsinki area in 2018. According to 

the principles of LCA, the examination included the entire well-to-wheel life cycle of the 

studied fuels. The emissions from the raw material of HVO (vegetable cooking oil) were 

excluded as the raw material was assumed to be waste. 

The data for the case study were gathered from various sources (Table 3.2). The most 

recent representative data (2018 data) were used. Well-to-tank data for conventional 

diesel were derived from the LCA modelling software GaBi’s database (Sphera, 2019), 

and for HVO, from the manufacturer. The tank-to-wheel emissions of both fuels were 

measured under laboratory conditions using the Worldwide Harmonized Light Vehicles 

Test Cycles at 7°C and 23°C for Euro 3, 4 and 5 cars. The emissions occurring between 

these temperatures were estimated via interpolation. The local temperature data were 

taken from the Finnish Meteorological Institute’s (2018) Kaisaniemi measurement point 

in Helsinki. The actual mileage in 2018 was used to calculate the consumption of diesel 

fuel (Helsingin Kaupunki, 2018). The actual car fleet in the study area was derived from 

the Finnish Transport and Communications Agency (Traficom, 2019). 
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Table 3.2: Data sources in the case study presented in Publication I 
Data Source 

Well-to-tank NOx and PM2.5 emissions  

 Baseline diesel Literature (life cycle software database) 

 Hydrotreated vegetable oil (HVO) Manufacturer  

Tank to wheel Nox and PM2.5 emissions Measured  

Temperature Measured (Finnish Meteorological Institute) 

Mileage Measured (City of Helsinki) 

Car fleet Statistics (Finnish Transport and 
Communications Agency) 

 

3.6.2 Nitrogen handprint 

Publication II focuses on developing the nutrient handprint approach from the N point of 

view. To modify the original carbon handprint framework to make it suitable for the N 

context, the specific nutrient requirements were reviewed in the literature, especially with 

regard to the suitable indicators. Additionally, criteria and preconditions for N handprint 

creation were formulated. To calculate the N footprints for handprint quantification, the 

nutrient footprint approach presented in section 3.2.2 was used as a starting point. As 

defined by Grönman et al. (2016), the nutrient footprint of a production chain is composed 

of virgin and recycled nutrient inputs and the outputs lost from and still part of the nutrient 

cycle. To add the environmental impact dimension to the assessment, the impact category 

of eutrophication potential (EP) was also included as it was identified as relevant in the 

context of nutrient flows. 

A suggested framework for N handprint assessment (Publication II, Figure 1) was 

demonstrated with a case study of recycled N in an industrial symbiosis between a pulp 

and paper mill wastewater treatment plant (WWTP) and a biogas plant. In the case study, 

a recycled N product (ammonia water) derived from biogas production replaced virgin N 

in the pulp and paper mill WWTP, hence leading to a potential N handprint. In accordance 

with the novel N handprint framework, mandatory indicators of N balance and EP were 

included in the N handprint calculations, and global warming potential (GWP) was 

identified as a relevant optional indicator because urea production through the Haber–

Bosch process is highly energy-intensive (Sutton et al., 2013). The EPs for the baseline 

and offered solutions were calculated using the CML2001 EP characterisation factors 

because the assumption was that both marine water and freshwater may be affected. 

Nevertheless, local EP characterisation factors should be used when available as 

eutrophication impacts depend on the local conditions and characteristics of the recipient 

water body (Henryson et al., 2018). Carbon footprint calculations were conducted using 

a CML2001 GWP100-year impact analysis method with the LCA modelling software 

GaBi and its database (Sphera, 2019). 



3.6 Case studies 47 

In the case study, the offered solution was ammonia water, an N-rich recycled nutrient 

product made from digestate formed in biogas production. Regarding handprint 

contributors, it was assumed that the biogas producer would reduce the N footprint of a 

pulp and paper mill by providing recycled N for WWT instead of virgin urea. A pulp and 

paper mill was identified as the beneficiary in the case study as it uses supplementary N 

in its WWTP. The use of virgin urea in the WWTP was determined to be the baseline, 

and the daily quantity of wastewater treated in the WWTP (94,846 m3) was determined 

to be the functional unit in the study. Both the biogas plant and the pulp and paper mill 

are located in southern Finland. 

The system boundaries of the case study are presented in Figure 3.6. The N balance for 

footprint calculations was studied from cradle to grave for ammonia water and urea. 

However, the calculations related to ammonia water did not include biogas production 

because the digestate from the biogas process was identified as waste. Either N input in 

the wastewater from the pulp and paper mill processes was included because the N input 

was the same in both solutions. EP and GWP were calculated from cradle to gate as the 

customer processes were assumed to be similar in the baseline and offered solutions. 

Emissions from transportation were taken into account in the EP and GWP calculations, 

but not in the N balance calculations. It was assumed that urea was transported from 

Central Europe, which means distances of 1,300 km by ship and 100 km by truck. The 

transportation distance for ammonia water was assumed to be 100 km by truck. 

 

Figure 3.6: System boundaries of the case study in Publication II. Blue text and lines = recycled 

N inputs; purple = virgin N inputs; red = N outputs lost from the nutrient cycle; green = N outputs 

still part of the nutrient cycle; orange = intermediate N flows; grey = energy inputs; black dashed 

line = system boundaries in the N footprint assessment; grey dashed line = system boundaries for 

the eutrophication potential and global warming potential calculations. N masses and energy 

consumption are expressed per functional unit (reproduced from Publication II). 
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In biogas production, nutrient-rich digestate can be further processed through 

centrifuging, evaporation and stripping to ammonia water, NP concentrate and N 

containing dry matter. In the GWP calculation, the energy consumption of the digestate 

processing was allocated to the different N-containing fractions based on their N masses. 

Otherwise, NP concentrate and dry matter were excluded from the calculations. With 

regard to the other assumptions, the N content of biogas was assumed to be zero, and 

ammonia water was used in a 1:1 relationship in the WWTP to replace urea. Due to the 

complexity of the different forms and conversion processes of nitrogen, all the N was 

considered the same to simplify the calculations. 

The data for the case study comprised primary and secondary data. The companies 

operating the biogas plant and the pulp and paper mill provided primary data for N flows 

and energy consumption for 2017–2020 and 2017–2019, respectively. For urea 

production, secondary data from the GaBi database for 2018–2020 were used (Sphera, 

2019). 

3.6.3 Water handprint 

Publication III’s content was divided as follows. Firstly, the framework for assessing 

environmental handprints across different impact categories is presented. The introduced 

framework pulls together all the studied environmental impact categories within the scope 

of the present study and thus aims to respond to RQ2. The presented framework is strictly 

based on the carbon handprint framework, with additional steps identified during the 

development of the work. As the framework is a compilation of Publications I–III, the 

method’s aspects are addressed across chapter 3. 

Secondly, Publication III demonstrates water handprint calculation with the case study of 

the novel water purification technology used in a mining company’s water treatment 

plant. Similar to the other handprint assessments in the present study, water handprint 

calculations are based on footprint assessments, and in the context of water, the water 

footprint principles and guidelines described in ISO 14046 (2014) and 14073 (2017) 

apply. As stated in ISO 14046, water footprint assessment should include both the water 

quantity (scarcity) and quality aspects. Thus, both elements were also included in the case 

study. 

The case study investigated whether a novel water purification technology would reduce 

the water scarcity footprint and improve the water quality (in terms of eutrophication) of 

a mining company located in northern Finland. In the baseline situation (without the use 

of a purification technology), water from the mining operations is directed to wetlands 

for biological treatment. To ensure sufficient removal of nutrients and impurities, large 

wetland areas are needed, but an additional challenge is that the purification potential is 

also largely dependent on the season and the outside temperature. Water purification 

technology, referred to herein as an offered solution, aims to remove solid matter, 
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dissolved minerals and N compounds from mining wastewater before it is released to the 

wetlands, hence reducing the emissions to the receiving water bodies. As an example, a 

water quality handprint was demonstrated as a change in the EP achieved with the N 

removal technology. Other environmental impacts were excluded, although the 

comprehensive water quality footprint assessment should include all relevant compounds 

and impacts. Aside from water quality improvement, technology use also enables the 

recycling of wastewater through enrichment processes, thus decreasing the need for 

primary water intake and overall water consumption. The change between the baseline 

and offered solutions in water use was considered in the water quantity (scarcity) 

handprint assessment. Handprints were calculated as the difference between the water 

quality and quantity footprints. 

In the case study, the beneficiary was identified as a mining company located in northern 

Finland. As a functional unit, the yearly quantity of extracted mining products without 

enrichment was used as a functional unit. It was assumed that no purification method 

other than wetlands was used in the baseline solution. The water handprint framework for 

the case study is presented in Publication III (Figure 3). 

 

In the water scarcity handprint calculation, the data for the water streams of the mining 

operations and the amounts of water treatment chemicals used per year were collected 

from the mining company’s environmental permit document. For one month, the 

chemicals were used in the following amounts: NaOH, 0.05 t; Fe2(SO4)3, 1 t; and 

polyacrylamide, 0.05 t. The water consumption data related to the production of 

chemicals were acquired from the Ecoinvent database. The scarcity factors for each water 

consumption location were provided by Boulay et al.’s (2018) available water remaining 

(AwaRe) method. Local scarcity factors of 0.9 for the plant and 1.1 for chemicals were 

used.  

In the water quality handprint assessment, it was assumed that in the baseline situation, 

the wetlands removed approximately 87% of the N bound in NH4 (NH4-N) and 3% of the 

nitrite and nitrate-N (NO2+NO3-N). The estimated baseline was 7,000 kg N emissions 

and 40 kg P emissions per year, which was converted to PO4
3- eq. with the CML2001 

general eutrophication impact factors. For the offered solution, the removal efficiency of 

the process was 75% of the NH4-N and 78% of the NO2+NO3-N. (Kilpeläinen, 2020.) 

3.6.4 Regional handprint 

Publication IV differs from Publications I–III in scope. Although the main method that 

was used was the carbon handprint method, it was applied to cities and regions as an 

extension of the original application scope described by Grönman et al. (2019). This 

required defining a regional handprint and identifying the possible handprint contributors. 

As a starting point, a literature review concerning cities’ climate work from different 

perspectives was conducted, and the existing standards were scrutinised. Secondly, 

discussions with city, regional council and voluntary sector representatives were held to 

clarify the practical need for and practical purpose of the regional handprint approach. 
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Thirdly, a case study concerning the handprint of the city of Espoo was conducted to 

demonstrate and test the framework under development. As a result, a step-by-step guide 

for regional handprint calculation was composed in line with the carbon handprint 

guidelines. 

The case study comprised qualitative and quantitative parts. The potential carbon 

handprint-producing activities associated with the city were identified qualitatively 

according to the literature and discussions with city representatives. True to the nature of 

a case study, no exhaustive list was prepared, but relevant instances were collected for 

further method development. As a quantitative assessment, the carbon handprints of 

public electric vehicle (EV) charging stations built on city-owned land were calculated 

for Espoo. The hypothesis was that the availability of public EV charging stations has the 

potential to achieve a carbon handprint if the charging station uses renewable electricity 

and is used instead of a home charger using mixed electricity. The carbon handprint was 

calculated as the difference between the lifetime carbon footprints of the two solutions. 

The data for the case study principally consisted of secondary data from the literature and 

from Espoo representatives. In the quantitative part of the case study, the use of public 

charging stations in Espoo operating with electricity from wind power was an offered 

solution, and EV charging at home with the national Finnish electricity mix was 

determined to be the baseline solution. A user was defined as a person who lives in Espoo 

and owns an EV. The carbon handprint calculation included all the life cycle stages of the 

baseline and offered solutions. However, the life cycle GHG emissions of an EV were 

excluded because they were assumed to be similar in both solutions. The system 

boundaries of the case study are shown in Figure 3.7. 

 

Figure 3.7: System boundaries of the baseline solution (S0) and offered solution (S1) (reproduced 

from Publication IV). EV = electric vehicle 
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The functional unit was determined to be the amount of energy consumed by driving an 

EV in one year. In Finland, the national average distance covered by a vehicle powered 

by a propulsion method using a material other than petrol or diesel in 2018 was 15,062 

km (Statistics Finland, 2019). Typically, the energy consumption of an EV is 0.15–0.30 

kWh/km (Motiva, 2021). In the assessment, an average value of 0.225 kWh/km was used. 

The carbon footprints were calculated using the CML2001 GWP100 approach, and the 

values for the Finnish electricity grid mix and electricity from wind power were derived 

from the GaBi LCA modelling software database (Sphera, 2019). The public charging 

stations in Espoo use alternating current, which produces 9.62 gCO2eq/kWh more GHG 

emissions than a home charger when the lifetime of both charger types is assumed to be 

8 years (Zhang et al., 2019). The difference is mainly due to the greater use of materials 

and energy during the material acquisition and manufacturing phases and to the higher 

electricity loss in the use stage of a public alternating current charging station (Zhang et 

al., 2019). In the calculation, it was assumed that 100% charging is carried out with a 

specific charger. To extrapolate the carbon handprint results to all the 18 public charging 

stations in Espoo in 2021, it was assumed that, on average, one public charging station is 

adequate for 10 EVs (European Commission, 2014). Thus, in 2021, the potential for 

charging 180 EVs was created.
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4 Results 

This chapter presents the results of the current study. Section 4.1 summarises the general 

elements that need to be considered when modifying the carbon handprint framework for 

application to other environmental scopes. The following sections provide more details 

and state the main findings of the case study in each publication. 

4.1 Environmental handprint based on the carbon handprint 

The application of different environmental scopes in handprint assessments requires the 

identification of the specific features of the studied environmental impacts. In the case 

studies presented in Publications I–III, several modification needs of the original 

framework were identified. Table 4.1 lists the identified features to be acknowledged 

when developing an environmental handprint framework. 

Table 4.1 :Specific features of the handprint assessment in different scopes 

 
LCI = life cycle inventory; LCIA = life cycle impact assessment 
 

Firstly, it was recognised that handprint assessment could be performed at the inventory 

or impact assessment level, depending on the studied environmental impacts. According 

to the LCA principles, in some cases, the goal of LCA can be attained by performing only 

an inventory analysis and an interpretation; such a study is referred to as an LCI study 

(ISO 14040, 2006). However, carbon handprint assessment is always performed at the 

LCIA level, with only one impact category: climate change (ISO 14067, 2018). 

Nevertheless, with regard to some environmental scopes, it is feasible to quantify and 

communicate the results only at the inventory level or separately for LCI and LCIA 

studies. This may be due to the challenges in assessing the actual environmental impacts 

or the need to understand both the quantitative and qualitative aspects of the studied flows 

and emissions. For instance, in the case study presented in Publication I, air quality 

handprint assessment was conducted only at the inventory level, which will be discussed 

in greater detail in section 4.2.1. For N handprint assessments, both the inventory and 

impact assessment levels are included, as shown in Publication II and further discussed 

in section 4.3.1. 

LCI LCIA Local Global

Air quality X X X X

Nitrogen X X X X X

Water X X X X

Regions X X X

Point of 

assessment

Extent of 

impacts Appropriate 

indicators

Location of 
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sources
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Secondly, in the carbon handprint approach, the focus is on a single environmental issue, 

climate change, and GHG emissions, often GWP100, are used as indicators (Grönman et 

al., 2019). However, when assessing other environmental impacts, appropriate and 

relevant indicators must be selected. For example, in the case of N, several indicators 

must be simultaneously included in the handprint assessment. As concluded in 

Publication III, the impacts and indicators are case-specific and are chosen based on the 

identified handprint contributors. However, it is important to consider the whole life cycle 

of a studied offering because the relevance of different emissions may vary between life 

cycle phases. Suggestions of suitable indicators for different environmental scopes in 

handprint assessment are given in the following sections. 

Environmental impacts may be local or global in nature. For example, GHG emissions 

have a global impact as they contribute to climate change. Conversely, with regard to 

some environmental issues, such as water, nutrients and air quality, the impacts of 

emissions are local rather than global. The locality of emissions is highlighted when the 

impacts of emissions are dependent on the local characteristics or when there is a direct 

relationship between the emissions and the midpoint or endpoint impacts. Publication I 

states that air quality impacts are often local, although long-range transport affects the 

locations of the final impacts. The environmental impacts of nutrients, such as 

eutrophication, are also site-dependent. However, in LCA, site-generic characterisation 

factors for eutrophication are commonly used (Henryson et al., 2018). When available, 

site-specific characterisation factors must be applied. 

In cases in which there is a close connection to the locality aspects of emissions, it is 

important to determine whether the emissions during a product or service life cycle occur 

in different geographical locations. Publication I highlights the need to separately 

quantify and communicate emissions from different life cycle phases when considering 

air quality impacts. This is mainly because emissions with air quality impacts are highly 

local, and emissions at different life cycle points may occur in different locations. 

Similarly, considering the locations of emission sources may be important with regard to 

water scarcity and quality and nitrogen, due to the local impacts. 

4.2 Environmental handprints: Air quality handprint 

Publication I addresses specific features when considering the positive air quality impacts 

of products or services. The results of the case study presented in Publication I provide a 

background based on air quality handprint assessment for building the coherent 

framework presented in Publication III. Air quality handprint assessment was 

demonstrated in the case study of paraffinic renewable diesel fuels used in urban 

environments. 

4.2.1 Identified requirements for air quality handprint assessment 

Publication I addresses the modification needs of the carbon handprint framework for 

assessing the positive air quality impacts of products or services. Firstly, in air quality 

handprint assessment, it is important to identify the relevant indicators with regard to air 
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pollutants. Air pollutants are a major threat to human health; thus, in addition to mere air 

pollutant emissions, harmfulness to health should be considered. Typically, the key 

outdoor air pollutants are particulate matter (PM10 and PM2.5), O3, NO2 and SO2 (World 

Health Organization, 2018). In addition, NH3, NMVOCs, CO and Pb emissions may be 

relevant in the context of air quality. In Publication I, NOx and PM2.5 were identified as 

relevant in the conducted case study based on previous studies. Although the term ‘air 

quality handprint’ is used as an umbrella term for several indicators, in calculations and 

communications, indicators should be reported separately. That is to say, in Publication 

I, NOx and PM2.5 handprints were studied. 

As stated in section 4.1, environmental handprint assessments can be conducted at the 

inventory or impact assessment level. In Publication I, an air quality handprint is assessed 

only at the inventory level, and environmental impact categories are excluded. This is 

mainly due to the challenge that in most cases, air quality impacts are related to the 

concentrations rather than quantities of emission outputs. However, putting the emission 

results into the context of concentrations will require using air quality dispersion models, 

which will also allow the inclusion of various local emission sources, long-range transport 

of emissions and local weather conditions. The understanding of the studied system’s 

impacts on the ambient air pollutant concentrations will allow their extension to the 

midpoint and endpoint levels. 

Publication I underlines the need to take into account the locality of emission release with 

regard to air quality because air quality impacts are highly local. As can be seen in Figure 

4.1, which shows the system boundaries of the study, air pollutant emissions occur in 

different geographical locations during the life cycles of the studied fuels. However, the 

handprint assessment method emphasises the importance of including the whole life cycle 

in the examination to identify the life cycle stages at which the highest amounts of 

emissions are produced and the possible trade-offs. 

 

Figure 4.1: System boundaries and geographical locations of emissions (reproduced from 

Publication I). 
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In addition to geographical variation in air pollutant emissions, Publication I indicates 

that NOx and PM2.5 emissions are focused on the use phase (tank-to-wheel). Figure 4.2 

illustrates the contribution of the well-to-tank and tank-to-wheel phases to the total life 

cycle NOx and PM2.5 emissions of the studied fuels. The tank-to-wheel phase was shown 

to be responsible for 92% of the conventional fuel emissions and 96% of the HVO life 

cycle NOx emissions. With regard to the PM2.5 emissions, tank-to-wheel emissions cover 

84% of the life cycle emissions of conventional diesel and 77% of the life cycle emissions 

of HVO. This indicates that fuel selection may have an impact on the local air quality. 

Thus, it is recommended that well-to-tank and tank-to-wheel emissions be calculated and 

communicated separately. However, the communication of a handprint always requires 

the inclusion of the product’s entire life cycle. 

 

Figure 4.2: Contribution of different life cycle phases to NOx and PM2.5 emissions (reproduced 

from Publication I). 

 

4.2.2 Air quality handprint assessment for paraffinic renewable diesel fuel 

As stated in section 4.2.1, it is recommended that the emissions for different life cycle 

phases be calculated and communicated separately. Thus, the results of the air quality 

handprint assessments for the well-to-tank and tank-to-wheel phases are presented herein. 

Regarding the tank-to-wheel phase, the NOx and PM2.5 exhaust emissions in the defined 

Helsinki (2018) fleet were calculated separately for both fuels. For NOx, its exhaust 

emissions were 283,000 kg for conventional diesel and 264,400 kg for HVO. As for the 

PM2.5 exhaust emissions, they were 3,000 kg for conventional diesel and 1,600 kg for 

HVO. In the case of air quality, the local emission reduction potential of emissions is 

relevant due to the locality of air quality impacts. The annual reduction potential of 

exhaust emissions is examined annually in Helsinki based on the 2018 values in the 
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studied fleet due to the replacement of conventional diesel with HVO. For the NOx tank-

to-wheel emissions, the annual reduction potential was 18,500 kg (7%). For the PM2.5 

exhaust emissions, the calculated reduction potential was 1,500 kg (49%). Figure 4.3 

shows the tank-to-wheel NOx and PM2.5 emissions of the studied fuels and the emission 

reduction potentials due to the replacement of conventional diesel with HVO in the 

studied fleet based on the 2018 values. 

(a)                                                                  (b) 

 
Figure 4.3: Annual (a) NOx and (b) PM2.5 exhaust emissions and reduction potentials in Helsinki 

based on the 2018 values (reproduced from Publication I). 

 

The air quality handprint of HVO can be derived from the total life cycle reduction 

potential of NOx and PM2.5 emissions by comparing the well-to-wheel NOx and PM2.5 

emissions of the studied fuels. According to the results, the NOx emissions are 32,700 kg, 

and the PM2.5 emissions are 1,580 kg lower for HVO than for conventional diesel (Figure 

4.4). In percentages, the life cycle reduction potential of NOx is 11%, and that of PM2.5 is 

44%. 
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          (a)                                                                      (b) 

 

Figure 4.4: Life cycle (a) NOx and (b) PM2.5 emissions and handprints in the studied fleet in 

Helsinki in 2018 (reproduced from Publication I). 

 

According to the results of the case study in Publication I, the provider of HVO can 

communicate an NOx handprint of 32,726 kg (11%) and a PM2.5 handprint of 1,584 kg 

(44%) for the defined customer and fleet. However, the results highlight that the emission 

reduction potential is most significant in the tank-to-wheel phase when considering the 

entire life cycles of the fuels.  

4.3 Environmental handprints: N handprint 

Publication II applies the handprint concept to nutrient use from the N point of view. The 

specific characteristics of N handprint calculation are identified, and an approach to 

assessing positive impacts on N cycles is presented. The results of the case study in 

Publication II further contributed to the development of the more extensive environmental 

handprint approach presented in Publication III, which is discussed in section 4.4. 

4.3.1 Identified requirements for N handprint assessment 

Performing N handprint assessment requires identifying the relevant indicators. 

According to the results of the case study presented in Publication II, on the subject of 

indicators, N handprint assessment should include two levels: the inventory and impact 

assessment levels. At the inventory level, the changes in the nutrient balance between the 

baseline and offered solutions are assessed, whereas the impact assessment level 
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describes the potential environmental impacts due to the emissions from the studied 

systems. 

(1) Inventory level 

In the assessment of the changes in the N balance between the baseline and offered 

solutions, the N balance needs to be evaluated from three different aspects: the quantity 

and quality of the input N resources (virgin and recycled inputs), the quantity of the N 

emissions to the environment (the N outputs lost from the nutrient cycle) and the N 

recovered for further nutrient use (the N outputs still part of the nutrient cycle). 

(2) Impact assessment level 

At this level, the environmental impacts of N emissions and, optionally, the impacts of 

other relevant emissions are assessed. As a mandatory indicator, the changes in EP 

between the baseline and offered solutions must be included in every assessment. Other 

optional indicators may also be relevant for the assessment on the grounds of the assumed 

or identified environmental impacts related to the studied solutions. The potential optional 

indicators in the nutrient context may include the acidification potential or GWP due to 

the energy intensity of fertilizer production processes. 

As stated in the carbon handprint guidelines, the handprint can be calculated as the 

difference between the footprints of the baseline and offered solutions. The calculation of 

the N handprint follows the same rule, but due to the multi-indicator nature of the N 

handprint, clear criteria and preconditions are needed to identify the indicator values that 

determine the magnitude of the handprint. The criteria are related to the aspects in the N 

balance that determine the magnitude of the N handprint. The preconditions must be met 

before an N handprint can be created, but they do not affect the magnitude of the 

handprint. Thus, the quantitative N handprint refers to an N resource handprint based on 

the changes in the N balance (inputs and outputs) of a system. The criteria and 

preconditions are discussed in greater detail in Publication II (Table 1 and Supplementary 

Materials). 

With regard to other specific requirements of N handprint assessment, it is recommended 

that the locality of environmental impacts be taken into account in the calculations. In 

particular, within the bounds of possibility, local EP characterisation factors must be used, 

and the geographical locations of the emissions must be acknowledged. 

4.3.2 N handprint assessment for a recycled N product 

In the case study, the N handprint for a recycled N product used in the pulp and paper 

mill WWTP was calculated as the difference between the N footprints of the baseline and 

offered solutions. The baseline solution was the virgin N product used for the pulp and 

paper mill WWT, and the offered solution was a recycled N product used in the same 

process.  
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(1) Inventory level 

In the baseline solution, a 454 kg virgin N input was needed to meet the urea requirement 

of WWT. In the offered solution, 448 kg of recycled N was used as an input. In 

percentages, 100% of input N in the baseline solution was of virgin origin, and 100% of 

input N in the offered solution was recycled. In both solutions, all the input N was lost 

from the nutrient cycle after WWT; that is, no N was left in the nutrient cycle. However, 

when considering quantities, 1.2% less N was lost in the offered solution due to the lower 

N input compared to the baseline solution. The inventory-level N balances of the baseline 

and offered solutions are presented in Figure 4.5. 

 

Figure 4.5: N balances of the baseline and offered solutions in kgN/d (reproduced from 

Publication II). BS = baseline solution; OS = offered solution 

 

(2) Impact assessment level 

At the impact assessment level, EP is a mandatory indicator. It was 1.76 kgPO4
3-eq/d in 

the baseline solution and 0.92 kgPO4
3-eq/d in the offered solution. The EP of the offered 

solution was thus 48% lower than that of the baseline solution. The main reason for this 

difference was that renewable thermal energy is used in ammonia water production as the 

biogas plant uses its own biogas in heating processes. The EPs of the baseline and offered 

solutions are presented in Figure 4.6 as percentages, along with the GWP calculation 

results. 
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Figure 4.6: Eutrophication potential (EP) and global warming potential (GWP) of the baseline 

and offered solutions (reproduced from Publication II). BS = baseline solution; OS = offered 

solution 

 

From the optional impact assessment indicators, GWP was identified as a relevant 

indicator. The carbon footprint for the baseline solution was 2,686 kgCO2eq/d, and that 

for the offered solution was 256 kgCO2eq/d. Thus, the GWP for the offered solution was 

2,430 kgCO2eq/d or 90.5% lower than that for the baseline solution (Figure 4.6).  

According to the N handprint preconditions, the EP of the offered solution must be equal 

to or lower than that of the baseline solution. Similarly, the specified optional 

environmental impact indicators are not allowed to show worse performance for an 

offered solution compared to the baseline solution. However, in the case study, both the 

EP and GWP were lower in the offered solution than in the baseline solution, which 

means that the environmental impact preconditions for the N handprint calculation were 

met. 

When considering the N balance, the input side was more closely examined as it was 

hypothesised that the use of a recycled N in the offered solution was the main handprint 

mechanism. According to the results, the handprint criteria were met as the total need for 

N inputs was lower in the offered solution than in the baseline solution. Additionally, the 

virgin N inputs in the baseline solution were completely replaced by recycled N in the 

offered solution. When considering the output situation, it was better in the offered 

solution than in the baseline solution because less N in total was lost in the offered 

solution. 
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As the results show that the N handprint criteria and prerequisites were met in the case 

study, the N handprint was created. The magnitude of the N handprint could be derived 

from the differences in N balance between the baseline and offered solutions. Thus, the 

N handprint equalled a 5.6 kg (1.2%) reduction in total N (virgin + recycled) inputs and 

a 454 kg (100%) reduction in virgin N inputs due to the replacement with recycled N 

inputs. 

4.4 Environmental handprints: Water handprint 

Publication III reviews water handprint assessment and demonstrates it with a case study 

of a water purification technology. The case study of water handprint assessment affected 

the development of an environmental handprint framework. 

4.4.1 Identified requirements for water handprint assessment 

Similar to other handprint assessments, water handprint calculations are based on water 

footprint assessments. ISO 14046 (2014) ‘Environmental management—Water 

footprint—Principles, requirements and guidelines’ and 14073 (2017) ‘Environmental 

management—Water footprint—Illustrative examples on how to apply ISO 14046’ 

provide guidelines for water footprint calculations. According to ISO 14046, two aspects 

of water use must be included in the assessment: water scarcity impacts (water quantity) 

and water quality impacts. Thus, indicators describing these two aspects must also be 

included in handprint assessment. The water scarcity footprint is related to the water 

volumes used. Water quality can be measured using water-related environmental impacts 

employed in LCA, such as by measuring the acidification potential, EP or water toxicity 

potential. Local impacts should be considered in the context of water quality and scarcity 

issues. 

4.4.2 Water handprint assessment for a water purification technology 

The results of the water handprint calculation showed that the water scarcity handprint 

was 94 m3 world eq/year, corresponding to 34% of the annual water demand of the 

baseline solution. According to the results, the water quality handprint in terms of 

eutrophication was 460 kgPO4
3-eq/year, corresponding to a 63% reduction in EP 

compared to the baseline solution. Both the water scarcity and water quality handprints 

are presented in Figure 4.7. 
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                               (a)                                                                   (b)  

 

Figure 4.7: (a) Water scarcity and (b) water quality handprints in the case study of a water 

purification technology. 

 

4.5 Regional approach to handprinting 

Publication IV widens the application scope of the carbon handprint approach to include 

the regional level and identifies the specific requirements of regional-level assessments. 

In Publication IV, the carbon handprint for cities and regions is defined, and the focal 

potential handprint contributors in city- or regional-level assessments are identified and 

categorised. Finally, a framework guiding the assessment procedure is presented, briefly 

tested and demonstrated, with Espoo as a case study. The regional approach is applicable 

only in the impact category of climate change. 

4.5.1 Identified requirements for regional carbon handprint assessment 

Several specific requirements for regional handprint assessment are presented in 

Publication IV. Firstly, separating a city’s carbon footprint from its carbon handprint is 

essential. The GHG inventory (i.e. calculation of a city’s carbon footprint) forms a basis 

for cities’ climate work by contributing to the understanding of emission sources and 

quantities. Thus, cities’ climate work efforts are concentrated on minimising their carbon 

footprints and, often, striving for carbon neutrality. However, more widespread GHG-

reductive actions are often excluded or ignored, even though the carbon footprints of other 

actors within and outside cities and regions can also be reduced. Consequently, the carbon 

handprints of cities and regions should communicate the GHG emission reductions 

achieved in the carbon footprints of other actors due to the city measures. To avoid 

misunderstandings, a city’s carbon handprint is calculated not by comparing the city’s 
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own carbon footprints in different temporal phases but by comparing the carbon footprints 

of an offered and a baseline solution when used by a defined actor. In the regional context, 

a city or region is a provider of solutions with climate benefits and can communicate 

potential handprints. 

Secondly, understanding the difference between a city as a geographical area and as an 

organisation is important. Cities’ GHG inventories are prepared based on the 

geographical city boundaries, by summing up the emissions and deducting the removals. 

In contrast, in handprint assessment, a city as an organisation is an executive organ that 

implements climate actions. Actions producing handprints and reducing other actors’ 

footprints can occur either within or outside a city’s geographical boundaries. However, 

handprint contributors may also reduce a city’s own carbon footprint, but importantly, a 

city’s carbon handprint can never be subtracted from its carbon footprint. The relationship 

between the city as an organisation and the geographical boundaries of the footprint and 

handprint assessments is illustrated in Figure 4.8. 

 

Figure 4.8: Distinction between a city’s carbon footprint and carbon handprint and between a city 

as an organisation and as an area (reproduced from Publication IV). 

 

4.5.2 Framework for assessing the carbon handprints of cities and regions 

As one of the major aims of Publication IV, a framework for assessing cities’ and regions’ 

carbon handprints according to the perceived carbon handprint framework modification 

needs introduced by Pajula et al. (2018) and Grönman et al. (2019) is presented. The 

framework for assessing the carbon handprints of cities and regions comprises four 

stages: (1) identification of the handprint requirements; (2) identification of the additional 

LCA requirements; (3) quantification of the handprint and (4) communication of the 

handprint results. Compared to the original framework, changes to stage 1 (definition of 

the handprint requirements) were required. Stage 1 of the carbon handprint framework 
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for cities and regions is discussed in greater detail in the following paragraphs, whereas 

stages 2–3 follow the original framework and are explained in section 4.6. Figure 4.9 

presents the framework for assessing the carbon handprints for cities and regions. 

 

Figure 4.9: Carbon handprint framework for cities and regions (reproduced from Publication IV). 

 

Stage 1 comprises five steps to identify the detailed requirements of handprint 

assessment. In the first step, the scope of the offered solution is defined. The carbon 

handprints of cities and regions are calculated through the climate leadership initiatives 

implemented by such cities or regions. Thus, a defined solution implemented by a city 

and bringing potential carbon footprint reductions for the beneficiaries is considered an 

offered solution. 

Stage 2 identifies the potential handprint contributors; that is, it defines how the city- or 

region-driven actions achieve reductions in other actors’ carbon footprints. Handprint 

contributors can be recognised and classified through three main mechanism categories 

presented in Publication IV: ownership, operating environment and projects. In addition, 
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the mechanism category of companies–other aspects was recognised but was 

recommended to be reported separately. The first mechanism category (ownership) refers 

to GHG-reductive actions that can be implemented through city- or region-owned 

properties or companies. The second mechanism category (operating environment) 

includes actions in which a city or region offers a climate-friendly operating environment 

for a company, resident or other actor. The third mechanism category (projects) refers to 

GHG-reductive projects or other initiatives in which the city or region plays an important 

role or acts as a facilitator. In the context of projects, a city or region can obtain direct 

benefits by participating in projects that lead to GHG emission reductions for the project 

beneficiaries, or indirect benefits if some other actor follows its pioneering example and 

replicates the climate-friendly initiative elsewhere. Under the additional mechanism 

category of companies–other aspects, a city or region can report the carbon handprints 

produced by companies within it. Although in these cases the city or region does not 

necessarily have any role in the handprint creation, it may be relevant to acknowledge 

such carbon handprints in the strategic planning not only to increase the city’s handprint 

potential but also to attract new businesses to the area. After the categorisation of actions, 

more detailed guidelines for assessment can be found in the product (Pajula et al., 2021) 

or company handprint guidelines (Vatanen et al., 2021). The mechanism category of 

projects follows the guidelines for project handprint assessment described by Vatanen et 

al. (2021). Additionally, in the context of companies–other aspects, the product handprint 

guidelines (Pajula et al., 2021) must be referred to. 

In the third step, the environmental impact category and its indicators are identified. 

Carbon handprint assessment for cities and regions is intended for assessing only positive 

climate impacts; thus, the impact category of climate change is included.  

In the fourth step, the users or beneficiaries of the offered solution are specified as a focal 

part of the handprint assessment. A user or beneficiary refers to an actor whose carbon 

footprint is lowered due to a city action. In the context of cities, beneficiaries may vary 

from individual residents to companies and other cities. Other beneficiaries can also be 

recognised, and they may be located within or outside the city. Figure 4.10 provides 

examples of different beneficiaries of a city with spatial diversity. 
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Figure 4.10: Examples of beneficiaries of cities in carbon handprint assessment and their spatial 

variability. 

 

In the fifth step, the baseline for an offered solution is defined. In general, a baseline 

represents a situation without the offered solution provided by the city. However, in the 

context of the regional handprint, choosing a baseline also depends on the mechanism 

category, in line with Figure 4.9. Defining a baseline is crucial for the quantitative result 

of the assessment and should be performed accurately by following the instructions for a 

baseline setting given in Carbon Handprint Guide v. 2.0 (Pajula et al., 2021). 

4.5.3 Regional carbon handprint assessment for the city of Espoo 

In Publication IV, regional carbon handprint assessment was briefly demonstrated 

through the case study of the city of Espoo. As a first phase, the carbon handprint 
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charging and public charging were 121 tCO2eq/a and 11 tCO2eq/a, respectively. The 

carbon handprint potential thus corresponded to up to 110 tCO2eq/a, which equalled a 

91% GHG emission reduction potential, as shown in Figure 4.11. 

 

Figure 4.11: Carbon footprints and carbon handprints of the baseline and offered solutions in the 

case study in Publication IV (reproduced from Publication IV). 

 

The presented results were calculated for a situation in which 100% EV charging is 

carried out in either a public charging station or at home. In a scenario in which the EV 

is charged both at home and at a public charging station, the handprint of EV charging in 

the 18 new public charging stations will be between 0 tCO2eq/a (0% charging at a public 

charging station) and 110 tCO2eq/a (100% charging at a public charging station). 

4.6 Summary of results 

With contributions from Publications I–III, the studied environmental and application 

scopes of handprint assessment were combined in the same framework. Publication III 

focuses on the key issue of the present study: presenting a framework for assessing the 

positive environmental impacts for several impact categories with different application 
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III as it covers only the impact category of climate change. Nevertheless, it provides an 

important extension of the application scope of the carbon handprint approach. 

Based on the previous carbon handprint framework and the existing ISO LCA standards, 

a four-stage framework was composed, taking into account the specific requirements of 

different environmental and application scopes. The four main stages of the framework 

are as follows: (1) identification of the handprint requirements; (2) identification of 

additional LCA requirements; (3) quantification of the handprint and (4) communication 

of the handprint results. Each stage consists of several more detailed steps, which are 

introduced in the following paragraphs. The framework for assessing environmental 

handprints is presented in Figure 4.12. 

 

Figure 4.12: Framework for assessing environmental handprints. The grey texts are outside the 

scope of the present study but are included in the environmental handprint framework presented 

in Publication III (modified from Figure 2 in Publication III). 
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Stage 1. Identification of handprint requirements 

The first stage of the framework specifically applies to handprint assessments, and it plays 

an important role in defining the operating environment for the calculation (Pajula et al., 

2018). Stage 1 includes five steps: defining the scope of the offered solution, identifying 

the potential handprint contributors, identifying the environmental impacts in question 

and their potential indicators, identifying the users and beneficiaries of the offered 

solution and defining the baseline. 

Step 1: Definition of the scope of the offered solution 

In the first step, the application scope of the offered solution is defined and described. In 

general, the offered solution refers to a solution that brings environmental benefits 

compared to a BAU solution. Its application scope is divided into the main categories of 

products and services, organisations and projects. However, organisational and project-

level handprint calculations were not considered as they were outside the scope of the 

present study. In the case of the first group (products), the offered solution can be, for 

instance, a product, service, technology, component or raw material.  

Step 2: Identification of potential handprint contributors 

In the second step, the objective is to identify potential handprint contributors or 

mechanisms through which the offered solution will provide environmental benefits 

compared to the baseline. Potential mechanisms that may lead to a reduction in the 

footprints of other users should be clearly stated and described. Handprint contributors 

depend on the offered solution and may be derived, for example, from the use of recycled, 

renewable or less polluting materials and energy or by providing energy-efficient 

solutions or products with prolonged lifetimes. Although handprint contributors are often 

based on identified improvements in products and services, preliminary assessments are 

sometimes based on rough data, and modelling may be needed to recognise the 

mechanisms. As step 2 aims to identify the potential handprint contributors to provide a 

basis for further calculation, only an actual handprint calculation will show if the 

handprint is actually achieved with an offered solution. However, step 2 is crucial for 

selecting suitable indicators, defining a baseline for calculations and setting system 

boundaries. 

 

Step 3: Identification of the environmental impacts in question and their potential 

indicators 

In the third step, relevant impact categories and indicators are selected according to the 

identified handprint contributors of an offered solution. As presented in Publications I–

III, the environmental handprint framework currently covers the environmental impacts 

of climate change, air quality, nutrients and water scarcity and quality. Additionally, 

outside the scope of the present study, the environmental handprint project developed 

guidelines for assessing resource handprints. After identifying the relevant impact 
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categories, the framework gives suggestions for suitable indicators to be used in each 

context, but some other indicators may also be used. Again, the main foundation for the 

selection of appropriate indicators is the identified handprint contributors. As an 

exception, in the impact category of climate change, GHG emissions are always used as 

an indicator, and in nutrient handprint assessment, it is suggested that some obligatory 

indicators always be included in the calculation. 

Step 4: Identification of the users and beneficiaries of the offered solution 

The fourth step involves identifying the named users or beneficiaries of the offered 

solution. Identifying the beneficiary is focal in handprint assessments as the main purpose 

is to provide footprint reductions for the user; thus, the calculations are primarily user-

specific. Users or beneficiaries can be recognised by investigating who benefits from the 

improved environmental performance or whose footprint will be decreased. However, 

always naming a specific beneficiary is not possible, or there are several beneficiary 

groups. In such cases, a representative average user may be used, or it is possible to 

examine handprint creation from a wider point of view by conducting the study at the 

system level through system expansion. 

Step 5: Definition of the baseline 

In step 5, the baseline solution is determined to set a point for comparison. The baseline 

solution must provide the same functions to beneficiaries and must be used for the same 

purposes as an offered solution. According to the definition by Pajula et al. (2018), 

baseline refers to “a reference case that best represents the conditions most likely to occur 

in the absence of an offered solution”. 

The chosen baseline affects the magnitude of the positive impact that may be achieved 

through an offered solution; hence, guidelines for baseline selection are needed to ensure 

the reliability of the handprint assessment. Generally, two different situations in a baseline 

setting may exist, depending on the offered solution. When an offered solution is new to 

the market, the current situation without an offered solution must be used as the baseline. 

If an offered solution replaces an existing product in the market, the users of the offered 

solution must be identified. When the users can be specified, their current product or 

another option available in the market must be chosen as the baseline. In cases where the 

named users are not available, the market leader or typical or average product or service 

in the identified area and time must be chosen as the baseline. In other respects, the 

selected baseline must be in line with the offered solution in terms of delivered functions, 

use purposes and availability in the market. Both solutions must also be used in the same 

defined time period and geographic region, and similar calculation principles must be 

used, such as regarding data quality, system boundaries and assumptions. 

It is recommended that the baseline be communicated transparently and accurately, with 

a description of the included activities, system boundaries and technological, 

geographical and temporal scope. To increase the transparency of an assessment, the 



4 Results 72 

assumed or perceived uncertainties must be estimated along with the validity of the 

selected baseline. 

Stage 2: Identification of additional life cycle assessment requirements 

This stage comprises three steps: definition of the functional unit, definition of the system 

boundaries and definition of the data needs and sources. Stage 2 is closely linked to the 

ISO standards for LCA (Pajula et al., 2018). 

Step 6: Definition of the functional unit 

A functional unit is defined and used in line with the guidelines given in ISO 14040-44 

(2006), which define a functional unit as ‘quantified performance of a product system for 

use as a reference unit’. Thus, in the handprint context, a functional unit refers to the 

measure of the function delivered by the offered solution to the beneficiary in a relevant 

time frame. Functional units act as references to which resource use or emissions are 

related, thus enabling the comparison of the footprints of an offered solution and a 

baseline solution. 

A functional unit is selected according to the application and use purpose of the offering.  

Step 7: Definition of the system boundaries 

System boundaries define the unit processes included in a study, and they must be 

modelled and described clearly. In handprint assessments, all the life cycle stages of the 

studied solutions must be incorporated, including the processes at the use phase, as the 

customer is very important in the handprint assessment approach. However, some life 

cycle stages, processes, inputs or outputs within the system can be excluded when they 

do not significantly affect the overall results of the assessment. The system boundaries of 

the baseline and offered solutions must be similar and consistent with the goals of the 

study and must be set in line with the definitions in ISO 14040-44 (2006), 14046 (2014) 

and 14067 (2018). 

Step 8: Definition of the data needs and sources 

After the identification of the handprint contributors and baseline and the setting of the 

system boundaries, the data needs can be identified and defined. According to ISO 14040-

44 (2006), 14046 (2014) and 14067 (2018), the data must be representative in terms of 

geographical, temporal and technological coverage and must be precise and complete. As 

a specific feature of handprint assessments, the data must also reflect an actual operating 

environment for both the baseline and offered solutions based on the recognised handprint 

contributors. The temporal period of the collected data can be defined depending on the 

case studied, but overall, it must be long enough to cover the variation in operations so 

that the average outcome of the selected indicator can be established. 
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Stage 3: Quantification of the handprint 

At this stage, the footprints of the baseline and offered solutions are quantified, and the 

handprint is subsequently calculated. 

Step 9: Calculation of the footprints 

The footprints of the baseline and offered solutions are calculated based on the selected 

indicators of different environmental impact categories, using equal functional units. 

Footprint calculations are conducted throughout the life cycles of the studied solutions or 

according to the defined and justified system boundaries. Each indicator identified as 

relevant earlier (in the step of scope definition) must be quantified separately.  

Nutrient footprint calculation requires quantification of a nutrient footprint profile, which 

consists of the four nutrient balance indicators (virgin and recycled inputs, lost and 

continuing outputs) and the EPs of the baseline and offered solutions. Other 

environmental impact indicator values can also be relevant in the studied case. Carbon 

and water footprint calculations follow the guidelines given in ISO 14067 (2018) and 

14046 (2014). 

Step 10: Calculation of the handprint 

The potential handprint of an offered solution is calculated as the difference between the 

footprints of the baseline and offered solutions. Consequently, a handprint is created if 

the footprint of the offered solution is lower than that of the baseline solution in terms of 

its use by a beneficiary. 

 

Regarding some environmental impacts, such as water and nutrient impacts, several 

indicators are used to quantify the footprint; thus, the handprint is not a single indicator. 

In the water context, handprints can be divided into water scarcity handprints (water 

quantity handprints) and water quality handprints, which can be further specified with a 

qualifier, such as a water quality handprint in terms of eutrophication. In the case of 

nutrients, the use of multiple indicators requires clear criteria for defining when an N 

handprint must be created (Publication II: Table 1 and Supplementary Materials). 

Stage 4: Communication of the handprint results 

The fourth and last stage provides guidelines for communicating the handprint results and 

identifying the need for a critical review of the handprint.  

Step 11: Identification of the relevant indicators to be communicated 

The first step at the communication stage is to confirm the most relevant indicators to be 

communicated. The selected indicators must accurately represent the results and real 

situation; thus, the possible negative changes must also be transparently communicated. 
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Step 12: Critical review of the handprint 

The purpose of the critical review is to verify the handprint assessment process and the 

given results. In line with ISO 14044 (2006) and 14026 (2017) on the communication of 

footprints, a critical review is required when the results are used for comparative 

assertions to be disclosed to the public. 

Step 13: Communication of the results 

In the last step, the results are communicated respecting the principles of appropriateness, 

clarity, credibility and transparency. With regard to appropriateness, it must be considered 

whether the intended audience is familiar with the offered solution, LCA and the footprint 

and handprint concepts. As for clarity, appropriate communication units must be selected 

according to the indicators identified in step 11. The quantity and unit of the calculated 

handprint, the used baseline scenario, the identified handprint contributors, the temporal 

coverage of the data and the geographical boundaries of the assessment, which are all 

central issues, must be included. In business-to-business and business-to-consumer 

communications, from the point of view of the beneficiary, it may also be appropriate to 

communicate the emission reduction potential (i.e. footprint reduction potential) of a 

customer. To ensure credibility, the methods and standards used can be attached to the 

communications, together with the information regarding the performer of the study and 

a possible critical review. For transparency, it is also important to communicate how 

additional information will be provided to interested parties. 
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5 Discussion 

This chapter discusses both the theoretical and practical implications of the results of the 

present study, evaluates the validity and reliability of the research done and reviews the 

limitations of the publications. The chapter ends with recommendations for further 

research. 

5.1 Theoretical implications 

The need for methods for estimating and quantifying potential beneficial environmental 

impacts has been recognised in the scientific literature, but is also called for on the part 

of businesses. The environmental handprint framework presented in Publication III 

provides an important addition to the existing methods, which mainly concentrate on 

measuring the harmful lifetime impacts of products and systems. The field of positive 

assessments has been seen as scattered and incoherent, and clear and consistent 

definitions have been missing. This dissertation contributes to the knowledge on positive 

impact assessment by defining and unifying the terms and principles used and providing 

stepwise calculation guidelines for assessing positive impacts for several environmental 

and application scopes. Although a few approaches other than the existing carbon 

handprint framework have introduced principles for estimating positive environmental 

impacts, the method presented in this dissertation is the first to provide comprehensive 

guidelines for quantitative assessments. 

From the perspective of method, the results of the present study provide novel extensions 

to both the environmental and application scopes of the carbon handprint framework. 

Publication I focuses on the air quality handprint and offers specific requirements for 

conducting air quality-related handprint assessments. In the case study in Publication II, 

the handprint method is applied in the N context to enable the evaluation of the positive 

impacts of products and services on N cycles. Publication III gives an example of water 

scarcity and quality handprint calculations based on the existing water footprint 

calculation practices. The regional carbon handprint approach introduced in Publication 

IV defines a carbon handprint in the context of cities and regions and provides guidelines 

for assessing the positive climate impacts of cities and regions. Thus, Publication IV 

provides a novel application of the handprint approach and a necessary method-based 

framework for cities’ climate work when aiming beyond climate neutrality. 

There are various challenges to the assessment and communication of positive 

environmental impacts. One challenge is that in the sustainability context, what are 

considered positive environmental impacts are often only those that are perceived as 

being less harmful to the environment than the negative impacts (Dijkstra-Silva et al., 

2022). However, positive impacts are often highly context-related issues and are linked 

to the surrounding conditions and practices (Di Cesare et al., 2018; Grönman et al., 2019). 

In addition, especially from an environmental point of view, novel solutions with 

beneficial environmental impacts usually replace worse alternatives, which is ultimately 

the reason for the novel solutions’ positive impacts on the environment. As production 
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and consumption always have absolute negative impacts on the environment at some 

level, the use of a handprint as an indicator can show the relative positive impacts in the 

decision-making context. Furthermore, a handprint acts as an incentive for the 

development and implementation of novel innovative solutions that have the potential to 

gain widespread environmental benefits. 

Attempts to include assessment of potential positive impacts in LCA have raised the 

concern that the results might be used in greenwashing or in justifying or covering up the 

adverse impacts of the studied offerings. The environmental handprint framework 

presented in this dissertation aims to address this problem by providing an LCA-based 

method with additional stages defining a real operating environment to ensure the 

assessment’s transparency and reliability. It is stated that to ensure credibility, the 

inclusion of a real operating environment is focal when estimating beneficial impacts 

(Kasurinen et al., 2019). The environmental handprint framework aims to address the 

issue of credibility by defining the actual, specified beneficiary of a studied offering and 

by requiring the use of a functional unit. Accurate selection and description of a baseline 

solution also increase the reliability of handprint assessment as the baseline has a 

significant impact on the magnitude of a potential handprint. Consequently, the first stage 

of the environmental handprint framework, in which the handprint requirements are 

described, is crucial for the reliability of the results. In addition to precise guidelines and 

definitions, proper communication is important to ensure the truthful dissemination of the 

results. Transparency is important at every stage. 

5.2 Practical implications 

The environmental handprint framework can be used in several contexts for different 

purposes, but mainly in decision-making to support environmentally beneficial choices 

of customers, companies and policymakers. Whereas products and services usually have 

absolute negative lifetime impacts on the environment, decisions related to the selection 

of products, services and practices can be either negative or positive from the 

environmental point of view. A handprint makes positive contributions visible and 

enables justified decision-making from an environmentally beneficial perspective. Thus, 

rather than estimating and communicating absolute positive impacts, a handprint aims to 

show the relative superiority of environmentally beneficial products and services. 

Aside from aiding in decision-making, a handprint aims to encourage companies and 

cities to develop and implement more sustainable innovative solutions by offering a 

reliable measurement and communication tool for this purpose. The previous indicators 

have not offered a tool for showing environmental benefits, which may have restricted 

the implementation and communication of good practices. In addition, without science-

based methods, the measurement and communication of beneficial impacts may be 

misleading and based on companies’ own marketing strategies, at worst leading to 

greenwashing. Thus, transparent and reliable indicators are needed for companies to show 

their positive contributions. 
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For companies, handprints provide possibilities at two levels. On the one hand, they can 

allow companies to reliably measure, communicate and market the environmental 

benefits of their products and services to consumers. Unlike communicating the absolute 

environmental burdens of their offerings to consumers, a handprint offers the possibility 

of comparing different options and, based on this, making environmentally beneficial 

decisions. On the other hand, companies can use a handprint in their own processes, such 

as in product development and decision-making in procurement, and when selecting 

suitable subcontractors. By selecting products and services with a handprint, companies 

may be able to decrease their own footprints and, in the case of climate impacts, scope 2 

and 3 emissions. Similarly, the regional-level carbon handprint may help companies 

detect a low-carbon operating environment that can further lower their carbon footprints. 

Reductions in carbon footprints may lower the need to compensate for residual emissions 

when aiming at carbon neutrality. 

The framework for assessing regional handprints presented in Publication IV encourages 

cities and regions to widen their climate work from only reducing their own GHG 

emissions to developing and implementing innovative climate actions. Thus, the carbon 

handprint provides an essential addition to the traditional climate work of cities and 

regions and complements the existing instrumentation. In the future, carbon handprint 

assessment can also be integrated into international commitment frameworks, such as the 

Covenant of Mayors and C40 Cities. To widen the practical adaptation of the carbon 

handprint framework of cities and regions, the framework should be included in the 

climate work of cities to reliably show the GHG emission reduction potentials of climate 

interventions. Through systematic and long-range strategic planning, cities and regions 

can develop carbon handprint potential and, more importantly, manage to have an impact 

on climate change mitigation. The carbon handprint can also be used by cities or regions 

as a communication, marketing and branding tool for enhancing their viability and 

attractiveness.  

Recent events have shown that even at the global level, sudden and unexpected crises can 

occur, and geopolitical situations can suddenly change. Thus, a discussion on countries’ 

interdependence, such as in raw material acquisition, energy and products, has arisen. The 

environmental handprint approach can help identify solutions that can reduce these 

dependencies and find novel solutions with positive contributions to sustainability. For 

example, with regard to nutrients, fertilizer prices have increased drastically along with 

energy prices, which may lead to food crises and even famines in developing countries 

(Food and Agriculture Organization, 2022). As shown in Publication II, recycled nutrient 

products can help reduce both virgin N and energy consumption but can also help utilise 

local resources and decrease the dependency on industrially produced fertilizers. 

Similarly, water insufficiency is a real problem in several areas, even in Europe (European 

Environment Agency, 2021), and the water handprint enables a comparison of different 

solutions and helps point out the most efficient ones in terms of water scarcity and quality. 

Across the different environmental impact categories, the environmental handprint 

approach presented in this dissertation can help in developing, identifying and 

implementing solutions promoting circular economy targets. 
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5.3 Reliability and validity 

The environmental handprint framework is built on the LCA method, which increases the 

reliability of the approach. The handprint approach includes the use of functional units 

and the setting of convenient system boundaries by complementing the given LCA 

principles with the inclusion of real operating environments, which is important in 

handprint studies. In addition, step-by-step guidelines for calculation and communication 

increase the transparency and validity of the method when conducted by different users. 

Handprint assessments require much data as the calculation comprises quantifying two 

separate footprints, and when considering system-wide changes, the need for data is even 

higher. The use of primary data increases the validity of the assessment, but the 

availability of such data is often limited, especially for the baseline solution. In these 

cases, secondary and average data need to be used. When a handprint is quantified for a 

named customer, primary data from customer processes are more often available. 

However, the altogether high need for data and time resources may limit large-scale 

handprint calculations in companies. 

When considering different environmental impact categories, the complexity of natural 

processes may require simplification of the studied systems. In the case study presented 

in Publication II, all N flows were considered the same as acknowledging changes in 

different forms of N would make the assessment overly complex. In the case study 

presented in Publication I, air quality handprint assessment was conducted only at the 

inventory level to make the conduct of the study feasible. To conclude, simplifications 

need to be done to ensure the usability of the method, although the results do not 

completely represent real-world processes. 

The scope of the handprint assessment is selected according to the hypothesis of potential 

handprint contributors and other relevant factors related to the offered solution. However, 

as the study concentrates on a specific environmental impact category, some impacts may 

show worse performance for the offered solution compared to the baseline solution. When 

aiming for real environmental sustainability, one must minimise the negative burdens 

(e.g. footprints) and maximise the positive impacts (e.g. handprints). To achieve these 

goals, the use of LCA and footprinting methods combined with handprint assessments is 

recommended for a broad understanding of environmental performance. Transparent 

communication of both negative and positive aspects can also increase reliability and 

validity and reduce the risk of greenwashing. 

5.4 Limitations 

The publications included in this dissertation have several limitations. The environmental 

handprint framework does not include all the existing environmental impact categories; 

rather, it provides examples of how to conduct handprint studies for different impacts and 

application scopes. Similarly, the case studies presented in Publications I–IV represent 

only a limited share of the possible scopes. For example, in the nutrient context, the 
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handprint method is currently limited to N. Assessing a handprint in terms of other 

nutrients requires acknowledging the specific characteristics of different nutrients. 

Air quality handprint assessment covers only the inventory level and does not include the 

potential midpoint or endpoint impacts. With regard to air quality, the challenge is to 

relate air pollutant emissions to ambient air pollutant concentrations, which are instead 

related to potential impacts, mainly on human health (Liu et al., 2017; Rybarczyk and 

Zalakeviciute, 2018; Shimadera et al., 2016). This has also been perceived as a challenge 

when aiming to include the health effects of PM2.5 in emission-based LCA (Fantke et al., 

2015). Although air pollutant-related impact categories have been developed for LCA 

(Jolliet et al., 2014; van Zelm et al., 2016), differences and inconsistencies in the impact 

scores for the same LCA case study appear (Lopes Silva et al., 2019). In addition, it has 

been perceived that there is a need to regionalise data for LCIA when it concerns the PM 

formation impact category (Fantke et al., 2015). However, while relating local air 

pollutant emissions to ambient concentrations and, further, to human exposure to intake 

will be informative, without reliable characterisation factors, misleading results may be 

obtained. An alternative option is the use of air pollution modelling, which helps in 

understanding not only the relevant processes between emissions and concentrations but 

also the interactions between emissions, weather conditions, geographical features and 

long-range transportation of emissions (Rybarczyk and Zalakeviciute, 2018; Shimadera 

et al., 2016). 

The regional handprint assessment framework provides an overview of the calculation of 

the regional handprint through defined actions. However, estimating the total handprint 

of a city or region requires the assessment of all the recognised climate actions 

implemented by a defined region, which is a very extensive and laborious task. Currently, 

the regional handprint assessment framework only provides calculation guidelines for 

individual actions and presents the principles of city-level calculations. 

5.5 Recommendations for further research 

This dissertation presents a framework for assessing environmental handprints for 

different environmental and application scopes and demonstrates the assessment through 

case studies. However, the case studies represent only a minor share of the potential 

application targets; thus, more practical case examples are suggested to test the feasibility 

of the framework in terms of different indicators in various sectors and systems with 

diverse solutions. 

In the present study, the use of the N handprint approach was demonstrated only for 

industrial symbiosis. Thus, it is recommended that criteria and preconditions in other 

contexts, such as the agri-food sector and other nutrients, be set for further studies to test 

the feasibility of the N handprint framework. In the regional context, a calculation 

example is only briefly discussed in this dissertation; additional qualitative and 

quantitative case studies are suggested. In addition, air quality and water handprint studies 

need further case applications, especially in terms of different indicators and solutions. 
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As the publications do not accurately consider the communication stage of handprint 

assessment, a closer examination of and future research on this topic is needed.  

As shown in this dissertation and related publications, the handprint approach has 

important applications for companies. In the future, it can be used to evaluate 

environmental performance and corporate social responsibility from a wider viewpoint. 

Especially when companies use the handprint approach in combination with city-level 

handprint strategies, their potential to produce handprint solutions may rise considerably. 

However, further research is needed to understand the role of companies in society as 

producers of large-scale environmental benefits and their positive contributions at the 

societal level. 

The assessment of the potential negative impacts of product systems and processes has 

been standardised by ISO in ISO 14040 and 14044 (LCA), 14067 (product carbon 

footprint) and 14046 (water footprint). In the future, the assessment of the potential 

positive impacts of product systems and processes must also be standardised in line with 

the existing ISO standards on LCA. However, further harmonisation is needed for this 

step. 
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6 Conclusions 

The main objective of the present study was to determine whether the environmental 

benefits of products and services could be evaluated by applying the handprint approach. 

Attaining this objective required answering RQ1 and recognising the specific 

characteristics of different environmental impacts in the context of handprint assessment. 

The case studies presented in Publications I, II and III identified the modification needs 

of the original carbon handprint framework in the context of air quality, N and water-

related issues, respectively. As an outcome, general and conjunctive issues that are 

important to consider in handprint assessment were derived (see the Results chapter). In 

particular, the need to recognise relevant indicators, the selection between LCI and LCIA 

studies and the consideration of the locality versus globality of emissions were 

highlighted. 

Answering RQ1 enabled proceeding to RQ2 and developing a coherent framework across 

the different environmental scopes to assess the positive impacts of products and services. 

Publication III presents the overall framework and shows that the handprint calculation 

can be conducted with similar guidelines for different environmental impacts by 

acknowledging the suitable indicators for each category. By providing step-by-step 

calculation guidance, Publication III paves the way for the quantitative assessment of 

handprints. 

As a third step, Publication IV answers RQ3 by using the carbon handprint approach at 

the city and regional levels. According to Publication IV, regional handprints aim to 

communicate the innovative climate actions implemented by cities and regions. City-

level consideration opens new opportunities for cities to enhance their climate work 

beyond aiming at climate neutrality by offering them indicators to systematically increase 

their handprint potential in the years to come. Through handprint actions, cities can attract 

new taxpayers and companies, thus increasing their viability and attractiveness. 

Developed frameworks, both for assessing environmental handprints and for regional-

level consideration, originate from the recognised need to quantify and communicate the 

positive environmental impacts of products, services and cities. This dissertation 

contributes to the present relevant knowledge by providing an important addition to the 

existing methods, which have mainly captured the environmental burdens of offerings. 

Thus, the handprint approach has a large and diverse application potential as it is a useful 

and feasible indicator for different actors aiming to show their offerings’ and actions’ 

positive contributions to the environment. 
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a b s t r a c t

Ambient air pollution is a global environmental challenge, especially in densely populated regions. In
urban areas, road traffic is an important source of fine particulate matter (PM2.5) and nitrogen oxide
(NOx) emissions, primarily due to exhaust gases. The adoption of paraffinic renewable diesel fuels for
urban transportation has been suggested as a more sustainable and less air polluting alternative to
conventional fossil fuels. The aim of this study is, therefore, to examine whether the transition from the
conventional fossil fuel diesel to paraffinic renewable diesel (hydrotreated vegetable oil [HVO] according
to the EN 15940 standard) can reduce PM2.5 and NOx emissions in an urban environment. The life cycle
assessment-based handprint approach is utilized to calculate and demonstrate the emissions reduction.
The reduction potential is quantified for Euro 4, 5 and 6 passenger diesel cars using actual car fleet,
mileage, local temperature, and laboratory emissions measurements for 2018 in Helsinki, Finland. Our
study shows that the use of HVO can reduce PM2.5 and NOx emissions in urban areas. According to our
results, PM2.5 emissions could be reduced by 49% for the defined location and car fleet by replacing
conventional fossil-fuel diesel with HVO. In the case of NOx emissions, the local reduction potential is 7%.
Overall life cycle emissions reduction potentials of NOx and PM2.5 emissions are 11% and 44%, respec-
tively, if conventional diesel is replaced by HVO. Thus, the manufacturer of HVO can communicate the air
quality handprint, and in particular, the NOx and PM2.5 handprints, that their product can achieve.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Outdoor air pollution is a significant environmental health risk
that is estimated to have caused approximately 4.2 million pre-
mature deaths worldwide in 2016 (WHO, 2018). Air pollutants in-
crease cases of respiratory, vascular and heart diseases and have
adverse effects on ecosystems and the climate (EEA, 2018a). Air
pollution is closely related to global climate change because the
combustion of fossil fuels is the main anthropogenic source of
greenhouse gases, airborne particulate matter, sulphur and nitro-
gen oxides, and short-lived air pollutants such as black carbon and

methane (Landrigan et al., 2018; Perera, 2017; Scovronick et al.,
2015). Ambient (outdoor) air pollutants are typically particulate
matter (PM), ozone (O3), nitrogen dioxide (NO2) and sulphur di-
oxide (SO2) (WHO, 2018).

The adverse health impacts of poor air quality are concentrated
in urban areas, which are not only population centres but also
emissions hotspots, primarily due to traffic emissions. The main air
pollutant compounds in cities that adversely affect human health
are fine particulate matter and nitrogen oxides (NOx) (EEA, 2019).
Fine particulate matter with a diameter of 2.5 mm or less (�PM2.5)
has been recognized as having themost significant effect on human
health as it can penetrate the lung barrier and enter the blood
system (Anderson et al., 2012; H€anninen et al., 2014; WHO, 2018).
Additionally, PM2.5 emissions include various substances harmful
to human health, such as heavy metals (Mazziotti-Tagliani et al.,
2017; Soleimani et al., 2018), carbon compounds (Park and Lee,
2015) and sulphurs and carcinogens (WHO, 2003). Nitrogen
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oxides (NOx) comprise nitric oxide (NO) and nitrogen dioxide (NO2)
(EEA, 2019). At high concentrations and under long-term exposure,
NO2 can cause inflammation of the airways, reduced lung function
and other respiratory symptoms (WHO, 2003). Nitrogen oxides also
have detrimental effects on environment, such as ozone layer
depletion and acidification when dissolved in water bodies
(Boningari and Smirniotis, 2016; Sepehri et al., 2020).

Road traffic is the biggest source of NOx in EU-28 countries, and
it was responsible for 39% of all NOx emissions in 2017 (EEA, 2019).
NOx emissions from road vehicles are problematic since they are
released near ground level, often in densely populated areas where
the number of exposed citizens is high. The transportation sector is
also an important contributor to fine particulate emissions,
although sources of PM2.5 emissions vary considerably depending
on location, geographical characteristics and meteorological con-
ditions (Vallius, 2005; WHO, 2018). PM2.5 emissions from road
traffic derive from exhaust gases but also from non-exhaust sour-
ces, such as brake wear, road wear, tyre wear and road dust
resuspension (Amato et al., 2014). In European cities, road transport
is assumed to be responsible for around 12% of primary fine par-
ticulate matter emissions (EEA, 2018b), and in OECD countries the
proportion can be much higher (OECD, 2020). Nevertheless, emis-
sions from vehicle exhausts have decreased significantly in recent
years due to tightened emission legislations (EEA, 2019). At the EU
level, this includes stricter emission standards (e.g. Euro 1e6) (EC,
2018, 2007) and the imposition of requirements for fuel quality
(EC, 2009). However, the overall emissions from the transport
sector have decreased less than expected because of the increase in
passenger and freight volumes (EEA, 2018b). Furthermore, NOx
emissions under real driving conditions, particularly from diesel-
powered passenger cars and vans, have shown to be higher in
many cases than is permitted under European (Euro) emission
regulations (EEA, 2018b; Kadijk et al., 2016). One explanation for
this is that previously used test cycles did not represent real driving
practices; hence, more accurate test cycles have since been devel-
oped and adopted for emissions measurement (Degraeuwe and
Weiss, 2017).

As well as being responsible for a substantial amount of
greenhouse gas emissions, diesel-powered vehicles have tradi-
tionally been significant sources of both NOx and PM2.5 emissions
(Prasad and Bella, 2010; Reşitoʇ;lu et al., 2015). As an alternative to
conventional fossil-fuel diesel, bio-based diesel has shown to offer
advantages in terms of greenhouse gas and pollutant emissions
(Naik et al., 2010). It is assumed that due to the properties of biofuel,
the combustion process in the engine produces less air pollutant
compounds than the combustion of conventional diesel and may
thus reduce local air pollution. However, the characteristics and
amount of air pollutant emissions from bio-based diesel vary
depending on the composition of the fuel and the source of the raw
materials (Lapuerta et al., 2008; Suarez-Bertoa et al., 2019). Bio-
based diesel can be produced, for example, from different types
of vegetable oils, used cooking oils and animal fats (Dimitriadis
et al., 2018). The combustion of first-generation biodiesels pro-
duced from esterified vegetable oils (FAME) showed a reduction in
particulate matter, hydrocarbon and carbon monoxide emissions
but an increase in NOx emissions compared to conventional diesel
(Giakoumis et al., 2012; Hoekman and Robbins, 2012; Hutter et al.,
2015; Torregrosa et al., 2013; Wu et al., 2009).

More advanced biofuels, such as hydrotreated vegetable oil
(HVO), Fischer-Tropsch (FT) diesel and dimethylether (DME), were
developed to offer a more sustainable alternative to first-
generation biodiesels. The usage of HVO has been shown to result
in reduced particulate matter, hydrocarbon and carbon monoxide
emissions compared to conventional diesel (Happonen et al., 2013;
Kuronen et al., 2007; Pflaum et al., 2010; Pirjola et al., 2019;

Sugiyama et al., 2012). Reductions in particulate matter and carbon
monoxide emissions are mainly due to the high cetane number and
zero aromatics of HVO (Pflaum et al., 2010; Sugiyama et al., 2012).
Research results concerning NOx emissions from HVO combustion
are not consistent and unequivocal since NOx emissions vary for
different types of engine technology, fuel properties, test cycles,
type of fuel injection system and other engine parameters (Aatola
et al., 2009; Erkkil€a et al., 2011; Pechout et al., 2019). Some
studies have observed NOx reductions for HVO compared to con-
ventional diesel (Aatola et al., 2009; Bohl et al., 2018; Hemanandh
and Narayanan, 2017; Ogunkoya et al., 2015; Pechout et al., 2019;
Pflaum et al., 2010), whereas other studies have shown comparable
or increased NOx emissions from HVO combustion (Dimitriadis
et al., 2018; Happonen et al., 2013; Kousoulidou et al., 2014; Millo
et al., 2015; Sugiyama et al., 2012). Regarding carbon dioxide
emissions, HVO has shown to have lower global warming potential
(GWP100) when taking thewhole life cycle into account (Arvidsson
et al., 2011; Gr€onman et al., 2019) as well as lower tailpipe carbon
dioxide emissions (Nylund et al., 2011).

Although numerous studies have examined air pollutant emis-
sions from different bio-based and fossil fuels, there is still a lack of
understanding of how the transition from fossil fuels to renewables
would affect emissions and air quality in cities. The potential for a
reduction in PM2.5 and NOx emissions when transitioning to
renewable diesel is usually studied based on laboratory emissions
measurements, and transition effects in a real operating environ-
ment are often neglected. To our knowledge, only a few studies
have assessed the change in the emission levels at the urban scale
when bio-based diesel fuel is used instead of conventional diesel
(Dias et al., 2019; Hutter et al., 2015; Pino-Cort�es et al., 2015; Ribeiro
et al., 2016). Furthermore, these studies focused on FAME and not
HVO.

Hence, this paper aims to identify and quantify whether using
HVO in passenger diesel cars can reduce NOx and PM2.5 exhaust gas
emissions in an urban Nordic city (Helsinki, Finland), and if so, by
how much. In the study, we combine the laboratory measurement
of emissions data with local car fleet, vehicle mileage, and weather
observations. Life cycle NOx and PM2.5 emissions are also taken into
account to observe possible trade-offs in emissions between life
cycle stages. Previous studies havemainly concentrated on tank-to-
wheel emissions since their impact on local air quality has been
recognized to be the most significant. In this work, however, we
also include well-to-tank life cycle analysis. One aspect of the
novelty of this article is that our study combines emissions from
Euro 4, 5 and 6 diesel passenger cars operating under different
ambient temperatures because previous studies have shown a clear
temperature-dependency for vehicle emissions (Grange et al.,
2019; Ko et al., 2019; Suarez-Bertoa and Astorga, 2018). Labora-
tory measurements on emissions are conducted using the World-
wide Harmonized Light Vehicles Test Cycle (WLTC) (EC, 2017; EU,
2017), which more closely resembles real driving conditions e

and hence, emissions e than the previously used New European
Driving Cycle (NEDC) (Degraeuwe and Weiss, 2017).

The research presented in this paper adopts the guidelines for
handprint thinking presented by Gr€onman et al. (2019) and Pajula
et al. (2018). The handprint approach offers guidance on how to set
up a comparison between a novel solution and the business-as-
usual situation. This allows the change, or preferably the reduc-
tion, in emissions to be seenwhen the new solution is introduced in
the same operating environment as the baseline solution. The
handprint approach is based on the standardized life cycle assess-
ment (LCA) method and was originally developed to quantify the
greenhouse gas reduction potential of products when used by a
customer; this is the first attempt to utilize the handprint guide-
lines in an outdoor air quality setting.
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2. Methods

The carbon handprint assessment approach for a product is
structured on a framework with step-by-step guidance (Pajula
et al., 2018), which is slightly modified here for the assessment of
air quality changes. These modifications to the original carbon
handprint approach are presented in yellow in Fig. 1. The right-
hand side in the same figure outlines the paraffinic renewable
diesel case examined in this study using the modified handprint
approach for air quality.

The fuel examined here is HVO made from used cooking oil.

HVO is a paraffinic renewable diesel fuel with zero aromatics and
meets the requirements of the EN 15940 standard. The city of
Helsinki, Finland, was assumed to be the customer in this case,
meaning the assessment examined how a change of diesel fuel
would affect the amounts of selected air pollutants in the Helsinki
region. The examination covered the entire year of 2018, which was
the most recent year for which representative data were available.
The handprint approach, when applied to air quality, requires an
additional step to identify the relevant indicators, in this case,
airborne pollutants. This paper investigates PM2.5 and NOx emis-
sions because they have been identified as important contributors

Fig. 1. Framework for the air quality handprint approach using the case study of replacing conventional diesel with paraffinic renewable diesel in passenger cars in Helsinki in 2018.
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to ambient air quality in cities (Martínez-Bravo and Martínez-del-
Río, 2020). Additionally, traffic exhaust emissions, especially from
diesel-powered vehicles, are a major source of these compounds in
urban areas (EEA, 2019; Karagulian et al., 2015; Prasad and Bella,
2010). Moreover, PM2.5 has been identified as being very harmful
to human health, and NOx also adversely impacts on health
(Anderson et al., 2012; H€anninen et al., 2014; WHO, 2003). Sulphur
oxide and ground-level ozone were excluded from the study as, as
in most of Europe, legislation in Finland sets limits on the sulphur
content of road fuels. Hence, SOx emissions from road traffic have
declined markedly since the early 1990s and SOx levels in Finland
are well below the limit set to protect human health (Finnish
Environment Institute, 2015; IEA, 2016). Ground-level ozone was
excluded because it is formed in photochemical reactions involving
volatile organic compounds and NOx and does not itself occur in
emissions (Zhang et al., 2019).

The hypothesis for creating an air quality handprint is that the
transition from conventional fossil fuel diesel to HVO decreases
NOx and PM2.5 emissions due to the cleaner combustion process in
the vehicle’s engine. In this study, the 100% conventional diesel
used in Helsinki was substituted with 100% HVO. Thus, conven-
tional diesel serves as the baseline product in this case. The baseline
diesel contained 7% biocomponents, in this case FAME, which is in
line with current European fuel standards that allow up to 7%
biodiesel volume in fossil fuel diesel (EN 590:2013, 2017). The
replacement of conventional diesel was studied for a defined fleet
representing diesel-powered passenger cars from three different
Euro regulation tiers (Euro 4, 5 and 6). Euro 4 regulations came into
effect in 2005, Euro 5 in 2009 and Euro 6 in 2014 (DieselNet, 2020).

In 2018, the total vehicle mileage in the Helsinki city area was
2463million kilometres. The calculated share of passenger vehicles
was 1645 million kilometres and the share of diesel passenger
vehicles was 420 million kilometres. Euro 4, 5 and 6 diesel-
powered passenger cars corresponded to 26% of all passenger ve-
hicles and 17% of all vehicles in Helsinki. The proportions of Euro 4,
5 and 6 of all diesel passenger vehicles in Helsinki were 17%, 35%
and 42%, respectively (Fig. 2).

The functional unit used in the study was kilometres driven by
the defined diesel-powered passenger vehicle fleet in the Helsinki
city area in the year 2018. A more detailed depiction of the vehicle
fleet is presented in Table 1.

The examination included the entire well-to-wheel life cycle of
the studied fuels. However, the results are presented separately for
the production phase (well-to-tank) and use phase (tank-to-wheel)
as those emissions occur in different geographical locations (Fig. 3).
Use phase covers exhaust emissions that are emitted during the
drive.

The well-to-tank emissions of the renewable diesel were
derived from the manufacturer; in the case of conventional diesel,

the LCA modelling software GaBi’s database was used (Sphera,
2019). The tank-to-wheel emissions of the conventional and
renewable diesel were quantified under laboratory conditions us-
ing the WLTC test cycle at �7 �C and 23 �C. Emissions occurring
between these temperatures were estimated via interpolation. The
impacts of temperature on the formation of NOx and PM2.5 were
taken into account using the mean temperatures of each month in
2018, taken from the Finnish Meteorological Institute’s (Finnish
Meteorological Institute, 2018) Kaisaniemi measurement point in
Helsinki. Based on the average temperatures, the coldest month in
Helsinki in 2018 was February, where the average temperature
was �7 �C, and the warmest was July, with the average of 21.1 �C.
The consumption of diesel fuel was assessed based on the data
considering the actual mileage during the year 2018 (Helsingin
kaupunki, 2018). Mileage was assumed to be shared evenly across
each month of the year. The number of diesel cars and the pro-
portions of Euro 4, 5 and 6 vehicles in the study area were based on
vehicle data from the Finnish Transport and Communications
Agency (Traficom, 2019).

The subsequent steps in the framework required the calculation
of the air pollutant emissions both for the renewable diesel and for
the baseline diesel. Any reduction in air pollutants using renewable
diesel would result in an air quality handprint e in this case spe-
cifically NOx and PM2.5 handprints. The results and the appropriate
way to communicate them are presented in the following section.

3. Results

The NOx and PM2.5 exhaust emissions in Helsinki based on the
year 2018 fleet are presented in Fig. 4. The NOx exhaust emissions
for conventional and HVO diesel were 283 000 kg and 264 400 kg,
respectively. The annual PM2.5 exhaust emissions in Helsinki were
3000 kg for conventional diesel and 1600 kg for HVO. Fig. 4 also
shows how the emissions in the studied fleet were distributed
among the included Euro regulated car groups. In the defined
Helsinki (2018) fleet, Euro 5 cars were responsible for 66% of con-
ventional diesel and 65% of HVO NOx exhaust emissions. When
considering PM2.5 exhaust emissions, the share of Euro 4 cars was
94% and 89% for conventional diesel and HVO, respectively.

The reduction potentials of NOx and PM2.5 exhaust emissions
due to the replacement of conventional diesel with HVO in Helsinki
based on 2018 values in the studied fleet are presented in Fig. 5. The
reduction potential is highest for PM2.5 emissions, which are
reduced on average by 49% when compared to conventional diesel.
In the case of NOx emissions, the reduction potential is 7%. How-
ever, when communicated in kilograms, the NOx reduction poten-
tial in Helsinki based on the year 2018 fleet proved to be highest, at
18 500 kg, and the PM2.5 exhaust emissions reduction potential is
1500 kg. In the Helsinki (2018) fleet, the highest NOx reduction

Fig. 2. Examined vehicles in Helsinki in 2018.
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potential is for Euro 5 cars, at 9%, and in the case of PM2.5 exhaust
emissions, for Euro 4 cars, at 50%.

In this study, local NOx and PM2.5 exhaust emissions in Helsinki
represent the tank-to-wheel phase of the studied fuels’ life cycles.
However, in the handprint methodology, it is important to examine
the whole life cycle to identify the most emission-producing life
cycle stages and examine possible trade-offs. Hereby, it should be
noted that the well-to-wheel and tank-to-wheel emissions occur at
different geographical locations. Local air quality impacts can only

be identified through a separate calculation of the different life
cycle stages. Fig. 6 shows the contribution of well-to-tank and tank-
to-wheel phases to the total life cycle NOx and PM2.5 emissions of
the studied fuels. The results show that the tank-to-wheel phase
dominates in every studied case. When considering NOx life cycle
emissions, the tank-to-wheel phase covers 92% of conventional fuel
and 96% of HVO life cycle emissions. In the case of PM2.5 emissions,
tank-to-wheel emissions account for 84% of life cycle emissions in
conventional diesel and 77% in HVO.

Table 1
Number of passenger vehicles and driven kilometres in Helsinki in 2018.

Diesel passenger vehicles Other passenger vehicles All passenger vehicles

Euro 4 Euro 5 Euro 6* Other Euro classes In total In total

Number of passenger vehicles 8341 17 744 20 961 3068 50 114 146 110 196 224
Million kilometres 69.74 148.73 175.62 26.05 420.13 1224.87 1645.00

Fig. 3. System boundaries.

Fig. 4. Annual NOx and PM2.5 exhaust emissions in Helsinki based on 2018 values.

L. Lakanen, K. Gr€onman, S. V€ais€anen et al. Journal of Cleaner Production 290 (2021) 125786

5



As mentioned previously, the total life cycle reduction potential
of NOx and PM2.5 emissions can be considered as the air quality
handprint. The emissions reduction, i.e. the NOx and PM2.5 hand-
print, can be calculated by comparing the well-to-wheel NOx and
PM2.5 emissions of the studied fuels. Fig. 7 demonstrates the total
life cycle NOx and PM2.5 emissions of the studied fuels based on the
fuel consumption of the Helsinki (2018) fleet. The results show that
NOx emissions are 32 700 kg lower when HVO is used instead of
conventional diesel. Similarly, PM2.5 emissions are 1580 kg lower
with HVO. As a consequence, the emissions reduction could be
considered as a handprint, which means that a manufacturer of the
HVO could communicate the handprint of 32 700 kg, or 11%, for
NOx in this case with the studied fleet as they have enabled an
equivalent footprint reduction of the customer. The PM2.5 hand-
print would be 1580 kg, or 44%, for the defined fleet in Helsinki in
2018.

4. Discussion

The results show that paraffinic renewable diesel has the po-
tential to reduce NOx and PM2.5 emissions in a city such as Helsinki
with its average fleet and climatic conditions. The paraffinic
renewable diesel fuel may offer a way to decrease PM2.5 emissions,
especially from older cars without advanced emissions cleaning
technologies; hence, the biggest emissions reduction can be ach-
ieved in areas where the car fleet is relatively old. Our findings are
in line with previous studies, which have shown a reduction in
PM2.5 emissions for paraffinic renewable diesel combustion
compared to conventional fossil-fuel diesel (Bortel et al., 2019;
Nylund et al., 2011; Pflaum et al., 2010; Sugiyama et al., 2012). PM2.5
emissions were 49% lower in the case of paraffinic renewable diesel
compared to conventional diesel when observing the use-phase
emissions. According to our results, the reduction potential for
PM2.5 emissions is higher for Euro 4 diesel passenger cars than
newer cars. The reason for the improvement in the particulate
emissions reduction rate originates from the introduction of diesel
particulate filters (DPF) in Euro 5 diesel passenger cars (EC, 2007).
While many previous studies (Dias et al., 2019; Hutter et al., 2015;
Kousoulidou et al., 2014) proved that the use of first-generation
biodiesel will increase the NOx emissions of transportation, our
results highlight that NOx emissions may also decrease through the
use of paraffinic renewable diesel instead of conventional fossil-
fuel diesel. NOx emissions in the use phase are tightly linked to
the outside temperature and vehicle model, and consequently, it is
important to examine NOx emissions with the actual car fleet and
climatic conditions in a certain location. The NOx emissions
reduction corresponds to the NOx emissions produced by 40.9
million kilometres drivenwith conventional diesel when calculated
with the average emissions from Euro 4e6 diesel passenger cars at
an ambient air temperature of 7 �C, which was the annual average
temperature in Helsinki in 2018. For Euro 4 specifically, the PM2.5
reduction is similar to the PM2.5 emissions caused by 113.1 million
kilometres driven with conventional diesel.

Our results do not include emissions from Euro 0e3 passenger
diesel cars. The share of Euro 0e3 diesel cars in the studied fleet
was 6.5% and if all the vehicles in the study area were included, the
results may change. Additionally, according to scientific evidence,
NOx reductions are higher in heavy-duty than in light-duty diesel
vehicles when using HVO as a fuel instead of conventional diesel
(Aatola et al., 2009; Bohl et al., 2018; Neste, 2016). This is mainly
due to differences between engine sizes and engine properties,

Fig. 5. Annual reduction potential of NOx and PM2.5 exhaust emissions in Helsinki
based on the year 2018 values for diesel-powered passenger cars.

Fig. 6. Share of the different life cycle phases of NOx and PM2.5 emissions.
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especially higher cycles and loads in heavy-duty engines (Muncrief,
2016; Neste, 2020). Heavy duty vehicles cause greater amount of
NOx emissions due to higher temperatures in the engine. However,
ignition and combustion properties of HVO result in a smaller share
of premixed combustion, thus causing less NOx emissions (Neste,
2020). Heavy traffic was excluded from our study because no
recent laboratory emissions measurements were available.
Including Euro 0e3 passenger vehicles and heavy traffic to the
calculation would offer a better understanding of diesel cars’ air
pollutant impacts on local air quality and would also help to
examine the whole potential to reduce local air pollution through
fuel replacement. It is also important to conduct the study in areas
besides Helsinki because local emissions and conditions along with
the local vehicle fleet affect the air pollutant reduction potential. In
addition, laboratory measurement data for temperatures
below�7 �C would be interesting to study because particularly use
phase NOx emissions increase when ambient temperature de-
creases (Grange et al., 2019; Suarez-Bertoa and Astorga, 2018). Also,
further measurements with different vehicles, including heavy
traffic, different velocities, and stop-and-go driving, would provide
important data.

As the tank-to-wheel phase proved to be the most significant
emission source of PM2.5 and NOx, the choice of fuel may have an
impact on local air quality. Nevertheless, it is essential to recognize
in which locations the emissions from different life cycle stages
occur. Further studies are required to put the results into the
context of local air pollutant concentrations or to proportion the
results to air quality limits. Using dispersion models of air pollut-
ants is necessary to recognize different emission sources affecting
local air quality, as is taking weather conditions and other relevant
factors into account. Influencing local emissions has traditionally
been beyond the reach of individual citizens, but the choice of fuel
may give an opportunity to enhance local air quality. In addition to
decreased air pollutant emissions, paraffinic renewable diesel has
been claimed to have other advantages over conventional diesel.
For instance, it has been shown to have lower life cycle and use-

phase greenhouse gas emissions than conventional fossil-fuel
diesel (Arvidsson et al., 2011; Gr€onman et al., 2019; Nylund et al.,
2011).

Replacing conventional diesel with renewable diesel may bring
about positive environmental impacts if NOx and PM2.5 exhaust gas
emissions are decreased. Our results highlight that the emissions
reduction potential is significant in the tank-to-wheel phase when
considering the whole life cycle of the fuels. According to Gr€onman
et al. (2019) and Pajula et al. (2018), a handprint refers to the
beneficial environmental impacts of a product when used by a
customer. Thus, the well-to-wheel emissions reduction potential
could be interpreted as the handprint of the renewable diesel fuel.
However, the different life cycle stages must also be studied sepa-
rately since emissions occur at different geographical locations,
meaning it is not appropriate to observe only the total well-to-
wheel emissions. Our results show that the handprint approach
can also be applied to environmental impacts other than green-
house gas reduction, and only a slight modification to the approach
allowed the specifics of air quality handprint assessment to be
tackled. These modifications were identifying the relevant in-
dicators in terms of air pollutants and communicating the results
taking into account the locality of emission release.

5. Conclusions

The need to improve urban air quality has led to the search for
solutions to reduce traffic-related emissions. On the other hand, the
initiators of these solutions require a sound, science-based method
with which to calculate and communicate the benefits their
product offers in reducing pollution. This study presents the results
of how a paraffinic renewable diesel can reduce the annual NOx and
PM2.5 emissions in the Helsinki area. The handprint calculation
approach is implemented in the scope of outdoor air quality.

Based on the concluded air quality handprint assessment,
wherein the lifetime emissions of a paraffinic renewable diesel
(HVO) are compared to those of baseline conventional diesel, the

Fig. 7. Total life cycle NOx and PM2.5 emissions of the studied fuels and their NOx and PM2.5 handprints.
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results give a strong indication that by choosing the paraffinic
renewable diesel, the NOx and PM2.5 emissions can be significantly
reduced, especially in the use phase of the fuel. The emissions
reduction potential is noteworthy, especially in older diesel vehicles
with no novel filtration or other emissions reduction system. Using
HVO-based renewable diesel in Euro 4 (or older) vehicles can
reduce PM2.5 emissions in particular. Also, NOx reduction is possible
and indeed significant when considering absolute NOx kilograms.
Accordingly, manufacturers of paraffinic renewable diesel can
communicate that if all the Euro 4e6 diesel vehicles in Helsinki
were to shift to their paraffinic renewable diesel, they would gain
an annual NOx handprint of 32 700 kg and a PM2.5 handprint of
1600 kg based on Helsinki year 2018 data.

Despite the findings on the reduction potential of NOx and PM2.5
demonstrated here, the effect is less significant for modern diesel
vehicles. As car fleets are updated, the benefit of using renewable
diesel instead of fossil diesel diminishes in terms of air quality. This
indicates that the best results for improving air quality can be
achievedwhen using paraffinic renewable diesel in areas where the
fleet uses older technology. However, using paraffinic renewable
diesel instead of conventional diesel also decreases the burden on
exhaust gas cleaning systems in newer cars while reducing the
overall air pollutant emissions of the car fleet.
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A B S T R A C T   

Excessive nitrogen (N) uptake for nutrient use in food production and industry and increased N losses to the 
environment severely interfere with nutrient cycles and harm the environment and thus, closing N cycles through 
N recovery and recycling is required to improve N use efficiency. To quantify positive impacts enhancing N 
cycles, this study suggests a novel N handprint approach, which combines life cycle assessment based nutrient 
footprint and carbon handprint approaches. The N handprint comprises of a set of indicators providing a wide 
systemic view on changes in N cycles. The case study demonstrates that the N handprint is created when a 
recycled N nutrient product is used instead of a virgin N nutrient for the needs of a pulp and paper mill 
wastewater treatment. According to our results, the handprint equals a reduction of 454 kg of virgin N inputs, 
and 5.6 kg of total N inputs for daily treated wastewater. Additionally, global warming potential is 91%, and the 
eutrophication potential 48% lower for the recycled N nutrient than for the virgin N nutrient. These results can 
be used to promote the use of recycled N on similar occasions in order to improve nutrient use efficiency.   

1. Introduction 

Nitrogen (N) nutrients are required in large quantities, mainly as a 
fertilizer for the food system (Sutton et al., 2013; Kahiluoto et al., 2014). 
Rockström et al. (2009) and Steffen et al. (2015) stated that human 
activities severely interfere with global and local nutrient cycles. N re-
sources in the atmosphere are abundant; however, the safe boundary for 
introducing new atmospheric N2 to the nutrient cycle as reactive N (Nr) 
has been transgressed (Steffen et al., 2015) mainly due to highly inef-
ficient use of N as a nutrient. Sutton et al. (2013) stated that, on average, 
over 80% of consumed N nutrient is lost to the environment. Galloway 
et al. (2004, 2014) defined Nr as any form of N except N2. Nr release into 
the environment from the nutrient cycle takes several forms and has 
various adverse and sequential environmental impacts, known as the 
nitrogen cascade (Galloway et al., 2003). For example, the airborne 
emissions of greenhouse gas (GHG) N2O accelerate climate change and 
NOx emissions from combustion processes decrease air quality and cause 
health risks. In addition, while NOx emissions have a negative terrestrial 
and aquatic eutrophication and acidification impact and damage vege-
tation, they also contribute to tropospheric ozone formation and harm 

biodiversity. Furthermore, nitrates (NO3
− ) may have a toxic impact on 

aquatic environments, and ammonia (NH3) volatilization causes a 
deterioration in air quality (De Vries et al., 2013; Sutton et al., 2013.) 
The energy-intensive Haber–Bosch process to convert atmospheric N2 to 
Nr accounts for 2% of global energy consumption (Sutton et al., 2013), 
causing further environmental impacts. A necessary solution is to in-
crease N use efficiency by closing N cycles through nutrient recovery and 
recycling (De Vries et al., 2013; Kahiluoto et al., 2014). 

To date, nutrient use has been mainly evaluated by using nutrient 
footprints and nutrient use efficiencies (Grönman et al., 2022). Many of 
the methods – such as the N-Calculator (Leach et al., 2012; Noll et al., 
2020), the nutrient use efficiency of the full chain (Sutton et al., 2013), 
the N use efficiency of a food chain (Erisman et al., 2018), the N use 
efficiency of the life cycle (Uwizeye et al., 2016), and the N food-print 
(Chatzimpiros and Barles, 2013) – might be suitable for assessing food 
products only. More importantly, their aim is to understand the nutrient 
flows on a national or local scale rather than to improve the nutrient 
balance of a specific product system. In contrast, the nutrient footprint 
presented by Grönman et al. (2016) and further applied by Joensuu et al. 
(2019) offers a tool to identify the nutrient hotspots in bio-based product 
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chains by providing a resource efficiency indicator, which focuses on the 
nutrient flows and nutrient balance of a system. However, the envi-
ronmental impacts of nutrient emissions, such as eutrophication, are 
outside the scope of the nutrient footprint assessment. When necessary, 
combining the nutrient footprint with environmental impact indicators 
would give a comprehensive picture of the sustainability of nutrient use. 

Nutrient footprint and nutrient use efficiency methods concentrate 
on assessing nutrient use but ignore the positive impacts provided by 
new products or solutions improving nutrient cycles. Recently, hand-
prints have become important indicators beside footprints since they can 
highlight the positive environmental impacts products or services can 
produce (Guillaume et al., 2020). Norris et al. (2021) defined an actor’s 
handprint “as a net positive change relative to business as usual, 
measurable in footprint units, of which the actor is a cause.” According 
to Pajula et al. (2021), “a handprint refers to the beneficial environ-
mental impacts that organizations can achieve and communicate by 
providing products and services that reduce the footprints of others.” 
Grönman et al. (2019) and Pajula et al. (2018) also defined more specific 
carbon handprint approach to assess and communicate the positive 
climate impacts of products when used by a customer and compared to a 
business-as-usual solution. The carbon handprint approach is based on 
standardized life cycle assessment (LCA) methodology and utilizes 
footprint calculations to make the comparisons. The carbon handprint 
framework provides a systematic way to assess life cycle climate benefits 
at system level in a comparative manner. Thus, it is a useful indicator for 
comparing the climate impacts of different solutions and identifying 
improvement potential in product systems or processes. The carbon 
handprint approach has been applied by, for example, Jenu et al. (2020) 
and Kasurinen et al. (2019). 

The sustainable use of nutrients is increasingly integrated into 
different sectors through circular economy targets (European Commis-
sion (EC), 2020). The benefits of circular solutions improving nutrient 
cycles have been recently discussed in the food sector by, for example, 
Koppelmäki et al. (2021) and Harder et al. (2021). The EC has recog-
nized the potential for a 30% reduction of non-renewable resources in 
fertilizer production, and the regulation of fertilizers aims to, for 
example, ease the access of organic and waste-based fertilizers to the 
market (EC, 2016). In Finland, biowaste and biomass side-streams 
contained 95 000 tonnes of N annually in 2014–2016. Of this, 34 700 
tonnes per year were soluble N, which could be used as a nutrient. 
Simultaneously, however, 152 000 tonnes of inorganic N fertilizers were 
used per year (Marttinen et al., 2018.) Thus, the potential for utilizing 
recycled nutrients is assumed to be comparatively high. As recent 
geopolitical instabilities have led to restricted availability of synthetic 
fertilizers and a steep increase in prices, the rationale for finding ways to 
recycle nutrients is even stronger. 

Industrial symbioses play a crucial role in increasing the rate of waste 
and by-product circulation in industries. Besides, they may have many 
other benefits, including reduction of environmental impacts, GHG 
emissions, and the use of fossil fuels as well as creation of economic 
value (Fertilizers Europe, 2019). Aho et al. (2015) offered the sustain-
ability benefits and risks of recycled nutrients produced at a biogas plant 
and used at an industrial wastewater treatment plant (WWTP). They 
concluded that the greatest sustainability benefit of nutrients results 
from the use of waste as a raw material instead of a virgin product. The 
production of a recycled nutrient product consumed less energy, water, 
and mineral resources than a similar product made of primary raw 
materials. Additionally, recycled nutrients caused lower health and 
environmental threats linked to chemical use (Aho et al., 2015.) 

The objective of this study is to develop and test a novel N handprint 
approach to assess positive impacts enhancing N cycles by combining 
two LCA-based tools: the nutrient footprint method (Grönman et al., 
2016; Ypyä et al., 2015) and the carbon handprint approach, which aims 
to quantify context-specific positive climate impacts (Grönman et al., 
2019; Pajula et al., 2018). N footprint methodologies have concentrated 
on assessing absolute N flows, but they do not include assessment of 

potential positive impacts achieved with novel or alternative solutions. 
Nor do footprints enable a comparison between different solutions. The 
N handprint presented in this paper aims to overcome these deficiencies 
by providing a comparative indicator which acknowledges the real 
operating environment of the solutions under consideration. As is 
typical of handprint methodology, the benefits brought about for a user 
in terms of enhanced N cycles are included in the N handprint assess-
ments. According to Zhang et al. (2020), consistent and structural 
multi-system and multi-spatial scale approaches with systemic-level 
examination to quantify nutrient budgets still lack. The N handprint 
approach presented in this paper aims to fill this gap by providing a 
systematic framework to quantify and communicate positive impacts on 
nutrient cycles at a systemic level. Whereas previous research has 
concentrated mainly on developing methods to quantify nutrient use in 
various food supply systems at different geographical boundaries (e.g., 
Chatzimpiros and Barles, 2013; Leach et al., 2016; Uwizeye et al., 2016; 
Erisman et al., 2018), our study aims to amplify understanding of 
assessing nutrient flows more widely, including in contexts other than 
food production. 

The N handprint approach is applied and tested in a case study of an 
industrial symbiosis between an industrial WWTP and a provider of a 
recycled nutrient product to quantify the potential positive impacts on N 
cycles. To our knowledge, this is the first attempt to assess positive 
impacts on nutrient cycles by applying the handprint methodology. 
Previously, the handprint approach has been modified to quantify an air 
quality handprint (Lakanen et al., 2021) and for the use of cities and 
regions to quantify their positive climate actions (Lakanen et al., 2022). 
This study was conducted as a part of the Environmental Handprint 
Project by the research institution VTT and LUT University during the 
years 2018–2021 (Vatanen et al., 2021), and it constitutes an essential 
part of the extensive methodological entity of the environmental 
handprint introduced by Pajula et al. (2021) and Lakanen et al. (2022a). 

2. Methodology 

In this paper, we present an approach whereby two previously 
published assessment methods, the carbon handprint (Section 2.1) and 
the nutrient footprint (Section 2.2), are combined to form the N hand-
print approach. The novel N handprint approach and guidelines as to 
how the evaluation should be carried out are presented in Section 2.3. 
The N handprint approach is then applied to the case study considering 
N recycling as part of the needs of the WWTP of a pulp and paper mill 
(Section 2.4). 

2.1. Carbon handprint 

The carbon handprint approach provides a step-by-step procedure to 
assess the positive climate impacts enabled by a novel product, service, 
or product chain replacing a business-as-usual solution in a certain area 
and for certain users (Grönman et al., 2019; Pajula et al., 2018). The 
carbon handprint assessment compares the life-cycle carbon footprints 
of a baseline and a novel (i.e., offered) solution, and a handprint is 
created when a carbon footprint of an offered solution is less than a 
carbon footprint of a baseline solution. However, the key issue is that 
reducing own carbon footprint only is not a handprint; instead, for an 
offered solution to achieve a carbon handprint, it should bring about 
reductions in the GHG emissions of others. 

A carbon handprint enables a comparison of two different products, 
services, or product chains. Consequently, setting a baseline essentially 
affects the magnitude of a potential handprint. Based on carbon hand-
print guidelines, a baseline should be a product, service, or product 
chain which delivers the same function to the user as the offered solution 
and is used for the same purpose by the users within a specific time 
period and region (Pajula et al., 2018). 
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2.2. Nutrient footprint 

The nutrient footprint proposed by Grönman et al. (2016) is a 
resource efficiency indicator which focuses on nutrient flows and the 
nutrient balance of a system by combining nutrient intake and nutrient 
use efficiency. The indicator can be applied to assess the N or phos-
phorus (P) balances of food chains and other bio-based production 
chains. As based on LCA, the nutrient footprint takes into account the 
entire life cycle of the offered production chain. However, examination 
of nutrient flows is only performed at inventory level, and the amounts 
of nutrients are not characterized to represent different environmental 
impact categories. 

The nutrient footprint considers virgin and recycled nutrient inputs 
into a system, the utilization of nutrients in product(s) of the system, and 
nutrient outputs as nutrient emissions, wasted nutrients, or nutrients in 
by-products from the system. Virgin nutrients are defined as nutrients 
extracted from natural resources and converted to a reactive form for 
human use. Recycled nutrients are already in the nutrient cycle and are 
recycled for human use in the system. Recycled nutrients can be, for 
example, waste flows or side streams whose nutrient content is further 
utilized. Utilized nutrients are bound to the product. Nutrients may be 
lost as emissions to air or water systems or as part of material that is 
incinerated, placed in landfill, or used for other purposes so that its 
nutrient content is no longer utilized for human purposes (e.g., building 

material) (Grönman et al., 2016). 

2.3. Nitrogen handprint 

This study modifies the carbon handprint approach (Grönman et al., 
2019; Pajula et al., 2018) for an N context by utilizing a previously 
published nutrient footprint approach (Grönman et al., 2016). The N 
handprint approach developed is presented in Fig. 1, below. It consists of 
13 steps, divided into four stages, which guide the performance of an N 
handprint assessment. Compared to the original carbon handprint 
guidelines by Pajula et al. (2018), additional steps are included in the N 
handprint framework (steps 1, 3, and 11), and some terms are replaced 
or specified to better fit the N context, especially in step 10. 

The first stage, handprint requirements, is specific to handprint as-
sessments, as opposed to other LCA studies (Pajula et al., 2018, 2021). In 
the carbon handprint assessment, the first stage includes three steps: 
identifying customers, identifying potential handprint contributors, and 
defining the baseline (Pajula et al., 2018), which requires the purpose of 
the N handprint assessment to be modified. First, the offered solution 
should be clearly specified (step 1). The offered solution refers to a 
product or service that can enable positive environmental impacts for its 
user, in this case improvement in N balance. Thereafter, potential con-
tributors should be identified, or, in other words, a hypothesis should be 
made about how the offered solution could help N cycles in comparison 

Fig. 1. The framework for an N handprint assessment.  
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to the baseline solution (step 2). In the context of N, potential handprint 
contributors can, for instance, lead to reductions in the use of virgin N or 
an increase in the use of recycled N. N recycling may also be enhanced 
through, for example, lower N losses from the studied system. N hand-
print contributors may also refer to the introduction of novel sources of 
recycled N or to novel use purposes of output N, such as in the case of 
industrial symbiosis enhancing a circular economy. New solutions and 
technologies may also help to optimize the use of N or prevent N losses 
to the environment, hence lowering environmental impacts. 

In the first stage, an additional step is required in which the relevant 
indicators are selected and clearly indicated (step 3). As regards the 
indicators, it is suggested that an N handprint assessment should include 
two levels:  

1. Assessment of changes in the N balance of the baseline vs. the 
offered solution (inventory level). As defined by Grönman et al. 
(2016), the nutrient balance provides information about the quantity 
and quality of the nutrient resources used (virgin and recycled in-
puts) and about the quantity of the nutrient emissions into the 
environment as well as the nutrients recovered for further nutrient 
use (the nutrient outputs lost from the nutrient cycle and continuing 
in the nutrient cycle).  

2. Assessment of the environmental impacts of N emissions (impact 
assessment level).  
a. Mandatory: Assessment of changes in the eutrophication potential 

(EP) of the baseline vs. the offered solution.  
b. Optional: Assessment of other relevant environmental impact 

indicators. Optional indicators are selected based on assumed or 
identified environmental impacts related to studied solutions. For 
example, acidification potential may be locally important, or 
global warming potential (GWP) relevant as fertilizer production 
may be an energy-intensive process. 

As the fourth step in the N handprint assessment, identifying cus-
tomers requires consideration of those parties that benefit from the 
change in N cycles from a wider perspective (step 4). Similarly to the 
carbon handprint assessment (Pajula et al., 2018), an offered solution 
should bring about N footprint reductions for a user or beneficiary. 
Specification of beneficiaries is important for the inclusion of an oper-
ating environment in an assessment (Pajula et al., 2021). 

Defining the baseline solution is one of the most critical steps in 
handprint assessment as it sets a point for a comparison (step 5). The 
baseline can be defined as “the reference case that best represents the 
conditions most likely to occur in the absence of an offered solution” 
(Pajula et al., 2021) and thus, it includes functions replaced by the 
offered solution. In general, a baseline selection depends on two 
fundamental questions: whether an offered solution is new on the 
market or replaces an existing product. In a case of the first scenario, the 
current situation without an offered solution is used as a baseline. The 
second scenario requires identifying the users of an offered solution, and 
if the users can be specified, their current product or another option 
available on the market acts as the baseline. Otherwise, the market 
leader or typical or average product or service in the identified area and 
time is chosen to be the baseline. Importantly, the baseline and the 
offered solution must deliver the same functions, be used for the same 
purpose, be available in the market, and be used in the defined time 
period and geographic region. An assessment must be conducted simi-
larly for both solutions, for example in terms of data quality, system 
boundaries, and assumptions (Pajula et al., 2021.) These general 
guidelines for baseline determination in the context of a carbon hand-
print apply in N handprint assessment. 

The second stage, additional LCA requirements, has three steps: 
defining the functional unit, defining system boundaries, and defining 
data needs and sources. This stage is largely based on the international 
standards of LCA (Pajula et al., 2018, 2021). All three steps are also 
essential in N handprint assessments, and the general guidelines 

provided in LCA standards ISO 14040 (2006) and ISO 14044 (2006) and 
by Pajula et al. (2018, 2021) apply in the N context. However, N 
handprint studies have some specific features and fundamental differ-
ences from carbon handprint studies. The climate change impact 
considered in a carbon handprint is global, while nutrients have a more 
local importance. Carbon handprints can be associated with any product 
or service, while N handprints are restricted to N flows, such as those 
related to the food system, fertilizer industry, or nutrient side streams 
and waste flows. Evaluating nutrient cycles may require wider system 
boundaries or system expansion to identify truly beneficial changes in N 
cycles between the offered and baseline solution. 

The third stage of the N handprint assessment requires N footprint and 
handprint calculations. The greatest difference from the carbon handprint 
approach is that the N handprint has multiple indicators whereas carbon 
handprint has only one, namely CO2-equivalent. The N footprint results, 
consisting of multiple indicator values, do not unambiguously indicate 
whether an N handprint is created and which indicators contribute to its 
magnitude. The basic principle of how the magnitude of the N handprint 
is determined is the same as for the carbon handprint: It is calculated 
from the difference between the N footprint indicator values of a base-
line solution and the offered solution when the alternative solution is 
used by the same beneficiary (Grönman et al., 2019). However, clear 
criteria are required as to when the N handprint is created and the in-
dicator values which determine its magnitude. 

Table 1 summarizes the aspects included in the N handprint assess-
ment as well as related N handprint criteria and preconditions. Criteria 
and preconditions are differentiated as follows. Criteria are related to 
aspects in the N balance that determine the magnitude of the N hand-
print. Preconditions do not affect the magnitude of the N handprint but 
must be fulfilled before an N handprint can be created. In other words, 
the N handprint means a nutrient resource handprint based on changes 
in the N balance (inputs and outputs) of a system. For example, the EP is 
used as an additional confirmation that the offered system does not 
adversely affect the environment; it is not used as a component of the N 
handprint. The N handprint is, thus, in line with the air quality hand-
print, which only considers changes in the mass balance of air pollutants 
and not, for example, midpoint environmental impacts or endpoint 
health impacts of air pollutants (Lakanen et al., 2021). 

The N handprint is created when  

• Either one or both input criteria (1, 2) are fulfilled while the output 
situation is at least equal in the offered solution to that in the baseline 
solution  

• OR the output criterion (3) is fulfilled while the input situation is at 
least equal in the offered solution and the baseline solution  

• AND the eutrophication precondition is fulfilled  
• AND, if relevant, other environmental impact preconditions are 

fulfilled. 

When determining whether the N balance allows the creation of the 
N handprint, the conductor of the assessment may adopt either an input 
or an output approach. The choice of approach may originate from 
identifying potential handprint contributors on the input or output side 
before making the calculations. For example, if a decrease in virgin N 
inputs in the offered solution is identified as a potential N handprint 
contributor, the input approach is a natural choice. Additional pre-
conditions are needed to define the input or output situation as at least 
similar or equal between the baseline and offered solution. Worse situ-
ations hinder the creation of the handprint. 

Supplementary materials, “N balance situations, handprint criteria, 
and preconditions,” describe situations in which either the input or 
output handprint criteria are fulfilled in combination with possible 
simultaneous output or input situations. These materials further 
describe additional N balance preconditions in each situation. 

As regards the input preconditions, potential alternative uses of 
recycled N inputs should be included in the assessment. If more virgin N 
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and less recycled N is used in the offered than in the baseline solution 
while total N inputs decrease, one should ensure that better uses for the 
recycled N justify the decrease in the ratio of recycled to virgin N in the 
offered solution. Similarly, when less virgin N and more recycled N is 
used in the offered than in the baseline solution while the total amount 
of N inputs is decreased, maintained, or increased, one should ensure no 
alternative uses for the recycled N exist. Alternative uses of recycled N in 
the offered solution may be included within the baseline system 
boundaries through system expansion. Alternative uses should be 
economically justified. Increasing the use of recycled N is acceptable if, 

for example, the recycled N is waste in the baseline solution. A further 
question is how better, or equal, uses should be defined and who is 
eligible to define uses. A general guideline, which applies well to in-
dustrial symbioses, is that using recycled nutrients that would otherwise 
be waste is a positive development. Otherwise, the precondition is 
inevitably open to discussion and discretion. A critical review of the 
handprint assessment adds credibility to the decision about better uses 
in the N handprint assessment. However, further research that leads to 
refining the precondition is needed. 

As regards the output preconditions, first, the ratio of continuing to 
lost N should be at least equal in the offered and baseline solution. This 
might be the situation, for instance, when decrease in total N input to the 
system causes a decrease in both lost and continuing N outputs. In this 
case, decreasing the amount of N lost to the environment is a positive 
change, but decreasing the continuing N outputs is a negative change. 
However, as fewer inputs in total lead to fewer outputs in total, the 
negative change in continuing N should not directly hinder the hand-
print creation. Instead, a check should be made that the decreased total 
outputs are at least equally divided between the categories of continuing 
and lost N in the offered solution and baseline solution. For instance, if 
the ratio of continuing to lost N equals 0 in both the baseline and offered 
solution, the ratio is equal in both, and the outputs do not affect the 
magnitude of the handprint. Secondly, when a decrease in the total N 
inputs between the offered and baseline solution shows on the output 
side as a reduction in continuing N, the amount of lost N should equal 
0 in both solutions. 

Conducting an N handprint assessment and creating the assessment 
framework involve an iterative process. The N handprint criteria could 
help in stating the initial hypothesis about N handprint contributors. 
Some contributors set further requirements on system expansion which 
affect the system boundaries and baseline. 

Returning to the N handprint framework, as presented in Fig. 1, the 
fourth stage deals with appropriate, clear, credible, and transparent 
handprint communications. First, it is worth identifying the relevant in-
dicators to be communicated. In addition to the magnitude of the N 
handprint, communications should include the whole N balance 
including virgin, recycled, lost, and continuing N, as well as changes in 
the EP and other relevant environmental impact indicator values, pref-
erably numerically. To be transparent, the communications should also 
clearly indicate, which N handprint criteria and preconditions are ful-
filled, and which changes in the N balance contribute to the magnitude 
of the N handprint. As stated earlier, the magnitude of the N handprint is 
calculated from the differences between the baseline and the offered 
solution for those N balance indicators that fulfill the N handprint 
criteria (Table 1). 

Second, a critical review is highly recommended, or mandatory if the 
results are intended to be used for a comparative assertion intended to 
be disclosed to the public (Pajula et al., 2018; ISO 14026; ISO 14040; 
ISO 14044). Appropriate and clear communication units should be used. 

2.4. Case study: recycled N nutrient product in wastewater treatment 

The presented N handprint approach was applied to the case study, 
which quantifies the potential beneficial impacts on nutrient cycles that 
can be achieved through industrial symbiosis. In the case study, the 
biogas plant provides a recycled N nutrient product for a pulp and paper 
mill WWTP to be used instead of a virgin N nutrient product. The biogas 
production process from biodegradable waste generates nutrient-rich 
digestate, which can be re-processed to N-rich ammonia water. 
Ammonia water can be used as a supplement N in wastewater treatment 
(WWT). In this case, the customer is a pulp and paper mill-activated 
sludge WWTP, where virgin urea is typically added to the WWT pro-
cess to ensure a sufficient concentration of N. 

To conduct an N handprint assessment, the N handprint framework 
was applied in the case study as presented in Fig. 2. The scope of the 
offered solution is ammonia water (step 1), which is assumed to reduce 

Table 1 
N handprint assessment, criteria, and preconditions. Text in italics details situ-
ations that fulfill the criteria.  

N handprint assessment indicators  

N balance Criteria: N balance 

Mandatory Assessment of changes in the 
nitrogen balance of the baseline 
vs. offered solution. 

INPUT CRITERIA 
1 Fewer nitrogen inputs in total 
are required in the offered solution 
than in the baseline solution. 
inputs in offered solution < inputs in 
baseline solution 
OR 2 Virgin N inputs in the 
baseline solution are partly or 
totally replaced by recycled N in 
the offered solution or decreased 
without replacement. virgin inputs 
in offered solution < virgin inputs in 
baseline solution and recycled inputs 
in offered solution ≥ recycled inputs 
in baseline solution 
Preconditions: The output 
situation is better or equal in the 
offered solution compared to the 
baseline solution. Additional 
preconditions define equality. 
OUTPUT CRITERION 
3 The ratio of the N outputs that 
continue in the nutrient cycle to 
the N outputs lost from the 
nutrient cycle is larger in the 
offered solution than in the 
baseline solution. The increase in 
the ratio must not be pursued by 
increasing the total amount of N 
inputs and outputs. lost outputs in 
offered solution < lost outputs in 
baseline solution and continuing 
outputs in offered solution ≥
continuing outputs in baseline 
solution or lost outputs in offered 
solution < lost outputs in baseline 
solution and continuing outputs in 
offered solution < continuing 
outputs in baseline solution and the 
ratio of continuing to lost N is larger 
in offered solution than in baseline 
solution or lost outputs equal 0 in 
offered solution 
Preconditions: The input 
situation is better or equal in the 
offered solution compared to the 
baseline solution. Additional 
preconditions define equality. 

Environmental impacts Preconditions: Environmental 
impacts 

Mandatory Assessment of changes in the EP 
of the baseline vs. offered 
solution. 

The EP does not increase in the 
offered solution in comparison to 
the baseline solution. 

Optional Assessment of other relevant 
environmental impact 
indicators. 

Other relevant environmental 
impact indicators do not show 
worse impacts in the offered 
solution in comparison to the 
baseline solution.  
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the N footprint of a pulp and paper mill by offering recycled N nutrient 
to WWT instead of virgin urea (step 2). As a decrease in virgin N inputs 
in the offered solution is identified as a potential N handprint contrib-
utor, the input approach for the N handprint assessment is selected for 
use, as recommended in Section 2.3. According to the N handprint 
framework, mandatory indicators of N balance and EP are included in 
the assessment. Additionally, among optional indicators GWP was 
identified as relevant, as urea production through Haber–Bosch is highly 
energy-intensive (step 3). In the case study, the beneficiary is a pulp and 
paper mill, which needs supplementary N for its WWTP (step 4). The 
baseline was defined as the use of virgin urea in the WWTP (step 5). The 
daily quantity of treated wastewater in the WWTP (94 846 m3) was 
determined to be a functional unit in a study (step 6). 

Fig. 3 presents the system boundaries as well as the N and energy 
flows of the case study (step 7). N flows and energy consumption were 
examined per wastewater treated in 1 day at the WWTP, which corre-
sponds to 94 846 m3 wastewater. Calculations did not include biogas 
production because digestate from the biogas process was identified as 
waste. N input in wastewater from the pulp and paper mill processes was 
also excluded, as it is the same in the offered and baseline solutions. 
Transportation was included in the EP and in the GWP calculation but 
not in the N balance calculation. Typically, the urea used in Finland is 
produced in Central Europe; hence, the transportation distance was 
assumed to be 1300 km by ship and 100 km by truck for urea. For 

ammonia water, the transportation distance was assumed to be 100 km 
by truck. System boundaries for EP and the GWP were calculated from 
cradle to gate, as the customer processes were assumed to be similar in 
both solutions. For the N footprint, all life cycle stages from cradle to 
grave were included in calculations. 

It was assumed that ammonia water replaces all the urea in the 
offered solution in a 1:1 relationship. Ammonia water is produced from 
digestate that is generated in the biogas production process. Digestates 
need to be further centrifuged, evaporated and stripped. In addition to 
ammonia water, N containing dry matter and NP-concentrate from 
centrifuged digestate are generated in the biogas plant. NP-concentrate 
contains P and N and can be used as a fertilizer. The energy consumption 
of the digestate processing was allocated to ammonia water and other N- 
containing outputs (sludge and NP-concentrate) based on their N 
masses. However, NP-concentrate was otherwise excluded from the 
calculations as it is not utilized in the processes described in the case 
study but, rather, as a separate product in other locations. The N content 
of biogas was assumed to be zero. As N occurs in many different forms 
and conversion processes are very complex, all the N was considered to 
be the same in the calculation. 

For biogas plant and pulp and paper mill WWT processes, the most 
recent primary data –from the periods 2017–2020 and 2017–2019, 
respectively – were used. Data for urea production were secondary data 
from the GaBi database from the period 2018–2020 (step 8). N footprints 

Fig. 2. Framework for the N handprint approach in the case study of the recycled nutrient product in the WWTP.  
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for the offered and baseline solutions were calculated according to 
Grönman et al. (2016) (step 9). In footprint calculations, virgin and 
recycled N inputs, as well as the N outputs lost from the nutrient cycle 
and continuing in the nutrient cycle, were assessed through the life 
cycles of solutions. EPs for both solutions were calculated by using CML 
2001 EP characterization factors, since it was assumed that both marine 
and freshwater may be affected. When possible, local EP characteriza-
tion factors should be used. Carbon footprint calculations were con-
ducted using a CML 2001 GWP 100-year impact analysis method with 
the LCA modeling software GaBi and its database (Sphera, 2019). The N 
handprint was calculated as the difference between the baseline and 
offered solutions in those N footprint indicators shown to fulfill the 
handprint criteria presented in Table 1 (step 10). 

At the communication stage, the magnitude of the N handprint, the N 
balance, EP, and GWP were identified as relevant to be communicated 
(step 11). A critical review was assumed to be conducted through the 
manuscript review process (step 12). Finally, it was considered that 
suitable communication units for indicators would be kgN/d for the N 
balance, kg phosphate equivalents/d (kgPO4

3− eq./d) for EP, and 
kgCO2eq./d for the GWP (step 12). Additionally, all indicators should be 
communicated in %. 

3. Results 

The N footprint for the offered and baseline solutions consists of four 
separate indicators: virgin N inputs, recycled N inputs, N outputs lost 
from the nutrient cycle, and N outputs continuing in the nutrient cycle. 
The total N balance of the baseline and offered solutions in kilograms of 
N per wastewater treated in a day at the WWTP (94 846 m3) is presented 
in Fig. 4. 

In the baseline solution, 453.8 kg of virgin N are needed to produce 
enough urea to meet the N requirements of the WWTP. Correspondingly, 
in the offered solution, 448.2 kg of recycled N are used for ammonia 
water production. The total N input is reduced by 5.6 kgN/d in the 
offered solution compared to the baseline solution. This reduction fulfils 
the first input N handprint criterion, which states that fewer N inputs in 

total are required in the offered than in the baseline solution. In the 
baseline solution, all the N used in urea production is atmospheric N 
(N2), which has been converted to a more reactive form (Nr) and can be 
considered a virgin nutrient. In contrast, in the offered solution, all the 
input N is recycled from another process (biogas production). This leads 
to a reduction in virgin N input of 453.8 kg/d in the offered compared to 
the baseline solution, which fulfills the second input N handprint 
criterion. 

On the output side, all the N is lost from the nutrient cycle in both 
solutions mainly due to the WWTP of the customer. The results show 
that in the baseline and offered solution, 98.4% and 99.6% of N losses 
occur from the WWTP, respectively. However, 5.6 kgN/d more N is lost 
in the baseline than the offered solution because the N input is higher in 
the baseline solution. In percentage terms, 1.2% less N is lost from the 
nutrient cycle from the offered than from the baseline solution. Due to 
100% N losses in both solutions, no N continues in the nutrient cycle in 
either solution. 

Fig. 3. System boundaries of the case study. Blue text and lines = recycled N inputs; purple = virgin N inputs; red = N outputs lost from the nutrient cycle; green = N 
outputs that continue in the nutrient cycle; orange = intermediate N flows; gray = energy inputs; black dashed line = system boundaries in the handprint assessment; 
and gray dashed line = system boundaries for the EP and GWP calculation. N masses and energy consumption are expressed per functional unit. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. N balances of the baseline and offered solutions in [kgN/d]. BS refers to 
the baseline solution and OS to the offered solution. 
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Fig. 5 presents the EP and GWP of the baseline and offered solutions 
as percentages. The EP of the offered solution is 48% lower than that of 
the baseline solution. In kilograms, the EP for the baseline is shown to be 
1.76 kgPO4

3− eq./d, while that for the offered solution is 0.92 kgPO4
3− eq./ 

d. Thus, in kilograms the EP is shown to be 0.84 kgPO4
3− eq./d lower for 

the offered solution than for the baseline. The difference is mainly due to 
the renewable thermal energy used in ammonia water production, as the 
biogas plant uses its own biogas in heating processes. Regarding GWP, 
the carbon footprint for the baseline solution is 2686 kg CO2eq./d and 
for ammonia water it is 256 kg CO2eq./d. Thus, the GWP for the offered 
solution is 2430 kg CO2eq./d lower than in the baseline. In percentage 
terms, the offered solution has a 90.5% lower lifetime GWP than the 
baseline. 

The N handprint preconditions on environmental impacts state that 
the EP is not allowed to increase in the offered solution in comparison to 
the baseline solution. Neither are other relevant environmental impact 
indicators allowed to show worse impacts in the offered than in the 
baseline solution. As the EP and GWP are not higher in the offered than 
in the baseline solution, the environmental impact preconditions for the 
N handprint calculation are fulfilled. 

In summary, the N handprint prerequisites are fulfilled in the case 
study, as presented in Table 2. The input approach for an N handprint 
assessment was observed to be suitable for the case study, according to 
the identified handprint contributors. In other words, in the input side, 
either one criterion or both criteria should be fulfilled while the output 
situation should remain at least equal in the offered to that in the 
baseline solution. 

Fulfillment of N handprint criteria and preconditions indicates that 
the N handprint is created in the case study to the benefit of a producer 
of an ammonia water. The N handprint in the symbiosis between the 
WWTP and biogas plant equals a 5.6 kg (1.2%) reduction in total N 
(virgin + recycled) inputs and a 454 kg (100%) reduction in virgin N 
inputs due to replacement by recycled N inputs. At the same time, the N 
balance on the output side remains at least equal; there are no identified 
better uses for the recycled N that replaces virgin N, and the additional 
precondition on not increasing EP is met. However, even small negative 
changes in the nutrient balance in comparison to the current calcula-
tions could hinder the creation of the nutrient handprint. 

4. Discussion 

Understanding the harmful impacts of nutrients in the environment 
is of primary importance (Rockström et al., 2009; Steffen et al., 2015). 
However, as with N, previous nutrient budgeting methods do not often 
include impact assessment and have been criticized by the LCA com-
munity for this deficiency (Einarsson and Cederberg, 2019). LCA is a 
widely used tool to assess circular solutions (Corona et al., 2019; 

Sassanelli et al., 2019). Improvement actions on nutrient cycles, as one 
example of circular solutions, can be assessed with LCA. However, LCA, 
too, has limitations on measuring the circularity of systems (Rigamonti 
and Mancini, 2021). Inconsistencies have been identified in modeling 
open loops in LCA (Peña et al., 2021), using materials multiple times 
with changing material qualities requires further guidance (Haupt and 
Zschokke, 2017), and LCA indicators may not consider the anthropo-
genic stocks available (Sonderegger et al., 2020). The N handprint 
approach presented in this paper is LCA-compliant and includes an 
environmental impact assessment as well as a life cycle perspective. 
Besides including environmental impact categories in the context of the 
studied nutrients, our approach enables incorporation of nutrient origin 
and destination at inventory level by adapting the nutrient footprint 
approach. Separating the input N into virgin and recycled N improves 
the transparency of the assessment and allows credit to be given to 
recycled nutrients that are already in the anthropogenic stock and uti-
lized multiple times. 

According to our results concerning the case study of ammonia 
water, the recycled N product has the potential to reduce the N footprint 
of a customer, which, in this case, was a pulp and paper mill WWTP. In 
other words, the provider of the ammonia water thus creates an N 
handprint with this solution. The ammonia water provider can utilize 
these results in a trading situation with a potential customer to prove, on 
the basis of scientific fact, that environmental benefits will follow. If, for 
example, no environmental benefits had accrued from using the offered 
solution compared to the baseline product, the solution provider could 
have used these results to identify product or process development 
needs. The customer, on the other hand, can utilize these results to make 
informed decisions regarding their choice of N provider. 

The positive nature of the results is in line with the results of Aho 
et al. (2015), who concluded that the greatest sustainability benefit of 
recycled nutrients is produced when the waste is used as a raw material 
in a nutrient product. Their study also found that less energy is needed to 
process a recycled nutrient product than that produced from virgin raw 
materials. In our study, this is valid as the ammonia water has minor 
processing needs other than transportation to the WWTP. In fact, 
transportation distances may become the limiting factor on the eco-
nomic feasibility of the use of ammonia water. Transporting high vol-
umes of liquid in trucks limits the potential users of ammonia water to a 
distance of about 100 km. Our results also indicate that ammonia water 
has GHG emission reduction potential of 90.5% compared to virgin urea. Fig. 5. EP and GWP of the baseline and offered solutions in [%]. BS refers to 

the baseline solution and OS to the offered solution. 

Table 2 
N handprint assessment, criteria, and preconditions in the case study.  

N handprint assessment indicators Case study: Ammonia water in 
WWTP 

N balance Criteria: N balance 

Mandatory Assessment of changes in the 
N balance of the baseline vs. 
offered solution. 

FULFILLED INPUT CRITERIA  

1. Fewer N inputs in total are required 
in the offered than in the baseline 
solution.  

2. Virgin N inputs in the baseline 
solution are totally replaced by 
recycled N in the offered solution. 
FULFILLED PRECONDITIONS: The 
output situation is better in the 
offered than in the baseline solution. 

Environmental impacts Preconditions: Environmental 
impacts 

Mandatory Assessment of changes in the 
EP of the baseline vs. offered 
solution. 

The EP does not increase in the 
offered solution in comparison to the 
baseline solution. 

Optional Assessment of GWP of the 
baseline vs. offered solution. 

The GWP does not increase in the 
offered solution in comparison to the 
baseline solution.  

L. Lakanen et al.                                                                                                                                                                                                                                



Cleaner Environmental Systems 6 (2022) 100090

9

The recent literature shows that reducing the environmental impacts 
and increasing the use efficiency of urea use are important, for example 
through polymer coatings (Xie et al., 2019) or Blue Urea (Driver et al., 
2019). 

Unlike previous nutrient indicators, the N handprint approach aims 
to quantify the positive impacts of products and services on N cycles 
based on the carbon handprint approach. As a response to a call for 
transparent communication with stakeholders in the field of nutrient 
budgeting (Zhang et al., 2020), our framework provides a novel way of 
messaging enhanced N cycles in business-to-customer as well as 
business-to-business communications. Moreover, the approach enables 
comparison of different products or services, indicates the need for im-
provements, and helps to show the most critical life cycle stages for 
preserving N in the cycle. 

5. Conclusions and future challenges 

In this article, a detailed methodological approach to calculate the 
positive environmental impacts of novel solutions closing, narrowing, 
and slowing N cycles called N handprint approach is presented. The N 
handprint approach was built as a combination of two existing LCA- 
based methods: the nutrient footprint and the carbon handprint. Then, 
we demonstrated the approach on a case study of the WWTP of a pulp 
and paper mill, which has traditionally used virgin urea to cover its N 
needs but could also utilize ammonia water, which is considered waste 
from biogas production. Our results indicate an N handprint for the 
ammonia water due to the daily reduction of 454 kg of virgin N inputs 
and 5.6 kg of total N inputs when compared to urea. 

This study has applied handprinting in the nutrient context for the 
first time. Extending the scope of the handprint assessment from climate 
impacts is especially important when considering the circularity of 
provided solutions. Assessing only the carbon footprint of a solution may 
not allow some benefits of circular solutions to be brought forward, such 
as utilizing anthropogenic deposits available, extending the life cycle of 
products, or utilizing the goods multiple times. 

The N handprint approach supplements existing N footprint meth-
odologies by providing systematic guidelines to assess, at system level, 
positive changes occurring in N utilization throughout the life cycles of 
products or services. As the N handprint acknowledges the real oper-
ating environment in which the products or services are used, more 
realistic results can be expected than those derived from traditional LCA 
and footprint assessments. Additionally, the comparative character of 
handprinting allows diverse analyses when promoting N cycling and 
circular economy targets. 

This study suggests that the N handprint is a suitable approach – 
albeit, with its multiple indicators, a laborious one – and indicator to 
quantify and communicate the potential positive impacts of industrial 
symbioses on nutrient cycles. The clear criteria and preconditions pre-
sented in this paper are needed to determine when the N handprint is 
created. Furthermore, creating a N handprint requires the sustainable 
use of nutrients and system-level nutrient balance optimization from the 
offered solution provider pursuing the N handprint. Our study is limited 
to N, but future research should include other nutrients among the 
handprint family as well. For example, P would be a feasible addition to 
the nutrient handprint approach as the calculation for the P balance is in 
line with that of N. However, additional environmental impact cate-
gories, such as abiotic depletion potential (ADP), should be considered 
in the context of P. The case study presented in this paper concentrates 
only on industrial symbiosis, although the applicational scope of the N 
handprint is much wider. Thus, further studies to test the suggested N 
handprint framework, criteria, and preconditions are highly encouraged 
in other contexts, such as the agri-food sector and for other nutrients. 
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Lakanen, L., Grönman, K., Väisänen, S., Kasurinen, H., Soininen, A., Soukka, R., 2021. 
Applying the handprint approach to assess the air pollutant reduction potential of 
paraffinic renewable diesel fuel in the car fleet of the city of Helsinki. J. Clean. Prod. 
290, 125786 https://doi.org/10.1016/j.jclepro.2021.125786. 

Lakanen, L., Kumpulainen, H., Helppi, O., Grönman, K., Soukka, R., 2022. Carbon 
handprint approach for cities and regions: a framework to reveal and assess the 
potential of cities in climate change mitigation. Sustainability 14, 6534. https://doi. 
org/10.3390/su14116534. 

Lakanen, L., Grönman, K., Kasurinen, H., Vatanen, S., Pajula, T., Behm, K., Soukka, R., 
2022a. Approach for assessing environmental handprints. In: E3S Web of 
Conferences, vol. 349. https://doi.org/10.1051/e3sconf/202234912001. 

Leach, A.M., Galloway, J.N., Bleeker, A., Erisman, J.W., Kohn, R., Kitzes, J., 2012. 
A nitrogen footprint model to help consumers understand their role in nitrogen 
losses to the environment. Environmental Development 1, 40–66. https://doi.org/ 
10.1016/j.envdev.2011.12.005. 

Leach, A.M., Emery, K.A., Gephart, J., Davis, K.F., Erisman, J.W., Leip, A., Pace, M.L., 
D’Odorico, P., Carr, J., Cattell Noll, L., Castner, E., Galloway, J.N., 2016. 
Environmental impact food labels combining carbon, nitrogen, and water footprints. 
Food Pol. 61, 213–223. https://doi.org/10.1016/j.foodpol.2016.F03.006. 

Marttinen, S., Venelampi, O., Iho, A., Koikkalainen, K., Lehtonen, E., Luostarinen, S., 
Rasa, K., Sarvi, M., Tampio, E., Turtola, E., Ylivainio, K., Grönroos, J., Kauppila, J., 
Koskiaho, J., Valve, H., Laine-Ylijoki, J., Lantto, R., Oasmaa, A., zu Castell- 
Rüdenhausen, M., 2018. Towards a breakthrough in nutrient recycling: state-of-the- 
art and recommendations for developing policy instruments in Finland, 978-952- 
326-578-3. http://urn.fi/URN. (Accessed 17 November 2020). 

Noll, L.C., Leach, A.L., Seufert, V., Galloway, J.N., Atwell, B., Erisman, J.W., Shade, J., 
2020. The nitrogen footprint of organic food in the United States. Environ. Res. Lett. 
15, 045004 https://doi.org/10.1088/1748-9326/ab7029. 

Norris, G.A., Burek, J., Moore, E.A., Kirchain, R.E., Gregory, J., 2021. Sustainability 
health initiative for NetPositive enterprise handprint methodological framework. 
Int. J. Life Cycle Assess. 26, 528–542. https://doi.org/10.1007/s11367-021-01874- 
5. 

Pajula, T., Vatanen, S., Pihkola, H., Grönman, K., Kasurinen, H., Soukka, R., 2018. 
Carbon handprint guide. https://www.vtt.fi/sites/handprint/PublishingImages/ 
Carbon_Handprint_Guide.pdf. (Accessed 3 September 2020). 

Pajula, T., Vatanen, S., Behm, K., Grönman, K., Lakanen, L., Kasurinen, H., Soukka, R., 
2021. Carbon handprint guide v. 2.0: applicable for environmental handprint. http 
s://www.vttresearch.com/sites/default/files/pdf/publications/2021/Carbon_handp 
rint_guide_2021.pdf. (Accessed 30 April 2021). 

Peña, C., Civit, B., Gallego-Schmid, A., Druckman, A., Caldeira- Pires, A., Weidema, B., 
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Abstract. The need to reveal positive environmental consequences of 
offerings has risen as urgent climate actions are needed from companies. The 
environmental handprint approach was developed to indicate the positive 
environmental impacts of a solution offered to a client. The environmental 
handprint approach builds upon the previously published carbon handprint 
approach. The approach follows the guidelines of ISO standards on Life 
Cycle Assessment (LCA) but complements them with instructions for 
calculating positive environmental impacts. The environmental handprint 
framework allows consideration of several different environmental impacts 
including climate impacts, air quality, and utilization of nutrients, water and 
resources, and it can be applied to products, services, organisations and 
projects. The framework consists of four main stages: 1. Handprint 
requirements, 2. Additional LCA requirements, 3. Quantification, 4. 
Communication. The handprint approach provides an important addition to 
life cycle studies. Handprints can be used by organizations to communicate 
the environmental benefits of their products, services, and technologies. 
They also serve as an aid to identify improvement potential throughout the 
life cycle of an offering, thus supporting product development and decision 
making. Case studies supported the methodology development. A case 
related to water handprint in water treatment in the mining industry is 
presented in this paper. 

1 Introduction 
In recent years, sustainability goals have become increasingly important to steer  
actions. Measuring the environmental performance of products and services has concentrated 
on negative life cycle impacts, and there has been an increasing interest for indicators that 
reveal positive environmental consequences of offerings. Various companies and 
organizations that have already minimized their own footprint have been lacking the means 
to showcase the environmental benefits their offerings can enable to their customers. LCA 
studies, based on ISO LCA standards [1,2], provide valuable information of the 
environmental burden of a product system from cradle to grave. However, specifications to 
these general LCA standards are needed to improve the accuracy of assessments and to widen 
the scope of studies towards assessing positive impacts. For example, ISO 14067 [3] on the 
carbon footprint of products specifies the principles, requirements and guidelines for the 
quantification and reporting of the carbon footprint of a product, thus complementing ISO 
14040 and ISO 14044 standards. However, the guidelines for assessing positive 
environmental impacts of offerings have been lacking. Approach to measure positive impacts 
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of actions has been recently introduced by Norris et al. [4]. The Sustainability and Health 
Initiative for NetPositive Enterprise (SHINE) handprint framework developed by Norris et 
al. aims to quantify environmental, economic, and social positive changes caused by an actor 
when compared to business-as-usual situation. Biemer [5] has also presented the ideas of 
handprints by emphasizing a positive way of thinking and well-meant actions to promote 
sustainability. The carbon handprint approach by research institution VTT and LUT 
university introduced by Grönman et al. [6] and Pajula et al. [7] provided general principles 
and instructions for assessing the carbon handprint of a product or service. Based on the most 
up-to-date definition [8] a handprint refers to the beneficial environmental impacts that 
organizations can achieve and communicate by offering products and services that reduce 
the footprints of others. 

Footprints, in general, describe the environmental burden throughout the life cycle of a 
product system. Carbon footprint, for example, is usually calculated based on actualized data 

removals. Handprint, however, is 
a comparative indicator, which describes about the emissions or consumption that can be 
reduced or avoided using a certain product instead of a baseline product. Thus, the handprint 
is equal to the possible or actualized reduction in the footprint of the user of the offering. The 
handprint can be created by two means: Using an offering that carries a lower environmental 
burden than the baseline offering (cradle to gate processes), e.g., through improved resource 
efficiency in manufacturing; or through the environmental impact reduction which actualizes 
while using the offered solution (gate to grave processes), for example through energy 
efficient products. Also, a combination of both means is possible in order to create a 
handprint, see Figure 1.  
 

 

Fig. 1. Handprint is created if the footprint of the offered solution is lower than that of the baseline 
solution while used by the same customer (modified from [8]). 

 
The carbon handprint approach gives guidelines only for assessing positive climate 

impacts, i.e., reduction in greenhouse gas (GHG) emissions. However, a framework for 
evaluating positive environmental impacts for other impact categories with wider application 
options has been lacking. The environmental handprint approach presented in this paper, aims 
to respond to the need for specific guidelines to assess positive impacts of products, services, 
organizations, and projects for several environmental impact categories including climate 
change, air quality along with nutrient, water, and resource use. The environmental handprint 
approach from the air quality perspective recently presented by Lakanen et al. [9] is another 
example for an environmental handprint besides the handprint presented in this present 
article. 



2 Materials and methods  

The framework is based on the carbon handprint approach introduced by Grönman et al. [6] 
and Pajula et al. [7]. The environmental handprint approach is also closely linked to the 
standardized LCA method with some specific complements for assessing positive 
environmental impacts. Environmental handprint is an umbrella concept including various 
positive environmental impacts. The framework for the environmental handprint is presented 
in Figure 2. 
 

 
 

Fig. 2. The framework for the environmental handprint. 
 

The framework consists of four main stages, which are: 1. Handprint requirements, 2. 
Additional LCA requirements, 3. Quantification, 4. Communication. Each stage comprises 
several steps, which guide in quantifying and communicating the handprint more precisely. 
Especially the first stage is specific to a handprint assessment when compared to a traditional 
LCA assessment, and thus explained here briefly. 

In Stage 1, one must first define, whether the handprint assessment is done in a product 
or an organizational level, or if a project
Next, a hypothesis is made about how the offered solution would contribute to reducing 
footprint of its users. These mechanisms may be derived, for example, from the use of 
recycled, renewable, or less polluting materials and energy, from increased lifetime or 
performance, reduced waste or losses or through increased carbon capture and storage. The 
choice of these mechanisms in question determines which environmental impacts are relevant 
to be included in the study. Figure 2 presents the recommended indicators when assessing 
the handprint related to climate change, resources, water, nutrients, and air quality. Further 
guidelines for conducting the handprint assessment for these different environmental impacts 
can be found from the final report of the environmental handprint project [10].The fourth 



step is to identify the users of the studied offering. The handprint calculation always includes 
the use phase either through an actual or potential user using the studied offering compared 
to a baseline offering. Thus, handprint studies are always user specific. However, in situations 
where specific user cannot be identified, e.g., in the case of bulk products or heterogenous 
customers for the offering, a representative average user may be used in the assessment. 
However, also in these cases, geographical boundaries need to be kept similar. The final step 
at Stage 1, defining the baseline, is presumably the most critical on the results of the handprint 
assessment. The baseline sets the point of comparison, and it should be selected with 
conservative justifications and reported transparently. For more detailed guidance on the 
baseline determination procedure, the reader is advised to refer to the Carbon Handprint 
Guide v. 2.0 [8], which was composed in tight connection to the environmental handprint 
approach work presented in this paper. In the guide, the following Stages 2-4 of the handprint 
assessment are also presented. 

 
Case studies, representing several Finnish companies with different offerings from 

varying industrial sectors, were done to support the framework development. Case studies 
were performed for all impact categories and applications described in the environmental 
handprint framework. The case study of water handprint assessment for a water purification 
technology used in the mining industry is presented in the following subsection. 

2.1 Case study: Water handprint of water purification technology 

In the case study, the environmental handprint approach from the water quantity and quality 
perspective was considered to assess potential water handprint of water purification 
technology. The water handprint approach described in the environmental handprint 
framework may consist of many indicators, which can be divided into two main categories, 
as in the water footprint standard ISO 14046 [11]: water scarcity impacts (water quantity) 
and water quality impacts. In the presented case study, a water scarcity handprint, and a water 
quality handprint in terms of eutrophication were quantified. 

 
In this case study, the novel water purification technology is used in a water treatment 

plant in a mining company located in Northern Finland. In a baseline situation, water from 
underground and open mining operations can be directed to wetlands to be biologically 
treated. However, the area of the wetlands must be large enough to ensure sufficient removal 
of nutrients and impurities and moreover, purification potential of the wetlands is strongly 
dependent on the season and outside temperature. Novel water purification technology, 
referred here as the offered solution, aims to remove solid matter, dissolved minerals, and 
metals as well as nitrogen compounds from wastewater before it is released to the wetlands, 
which reduces emissions to receiving water bodies. Additionally, the share of the purified 
water from the water treatment plant can be recycled and used in enrichment processes of the 
mining company, which replaces the primary water intake and decrease overall water 
consumption. The framework for the case of the water purification technology is presented 
in Figure 3.  



  
 
Fig. 3. The water handprint framework for the case of the water purification technology. 
 

To quantify potential water handprint for the water purification technology, water scarcity 
and water quality footprints for the baseline and offered solutions were determined. The 
handprint was calculated as a difference between the footprints. The data for water streams 
of the mining operations were acquired from the environmental permit document of the 
mining company, which also stated the amounts of water treatment chemicals used per year. 
The amounts of chemicals used in one month were as follows: Sodium hydroxide (NaOH) 
0.05 tonnes (t), ferric sulfate (Fe2(SO4)3) 1 t, and polyacrylamide 0.05 t. Water consumption 
during the production of chemicals was taken from the Ecoinvent database. Table 1 illustrates 
water consumption volumes used for water scarcity handprint calculation.  

 
Table 1. Water consumption volumes of the baseline and offered solution in water scarcity handprint 

calculation. 
 

 
 
The scarcity factors for each water consumption location are derived from AWaRe 

(Available Water Remaining) methodology by Boulay et al. [12], which also defined the 
calculation unit of cubic meters of world equivalent per year (m3 world eq. /y) for scarcity 
assessment. Local scarcity factors of 0.9 for the plant and 1.1 for chemicals were used. 

 

Water consumption / hour
Direct primary water 

consumption, m3/h
Recycled water, m3/h

Indirect primary water 

consumption, m3/h

Baseline solution 35 0 0

Offered solution 23 12 0.035



In the quality assessment, for the baseline it was assumed that the wetlands remove 
approximately 87% of nitrogen which is bound in NH4 (NH4-N) and 3% of nitrite and nitrate-
N (NO2+NO3-N). The estimated baseline is 7,000 kg N emissions and 40 kg P emissions per 
year, which were converted to PO4

3- eq. with the CML 2001 general eutrophication impact 
factors. For the studied solution, the removal efficiency of the process is 75% of nitrogen 
bound in NH4 (NH4-N) and 78% of nitrite and nitrate-N (NO2+NO3-N) [13]. 

3 Results and discussion 

Based on water handprint assessment, water scarcity handprint is 94 m3 world eq. / year, 
which corresponds to 34% of the annual water demand of the baseline. The water quality 
handprint in terms of eutrophication showed to be 460 kg PO4

3- eq. / year, meaning a 63% 
reduction in the eutrophication potential compared to the baseline solution. Both water 
scarcity and water quality handprints are presented in Figure 4.  
 

 
Fig. 4. Water scarcity handprint and water quality handprint as a eutrophication per year in the case 
study. 
 

The results of the case study show that water purification technology can reduce both 
water consumption and eutrophication potential compared to the baseline solution. 
Consequently, the provider of water purification technology may communicate both water 
scarcity handprint and water quality handprint for its water purification technology when 
used by the specific mining company in the specific year. The results show that water 
handprint is a useful and a practicable method for quantifying changes in water use and 
quality when a new solution is introduced in market or when comparing existing solutions. 

 
With handprints organizations and companies are able to show environmental benefits of 

their products, technologies, and services, as well as scientifically show their environmental 
responsibility. Handprint assessment also provides information on improvement potential 
throughout the life cycle of an offering, thus supporting product development and decision 
making. For companies, the handprint is not only an effective marketing and communication 
tool, but also gives valuable information for customers in decision-making.  

4 Conclusions 

Transition towards more sustainable production and consumption requires actions, which 
bring about positive changes throughout the value chain of offerings. The approach to assess 



environmental handprints provides a systematic, scientific-based approach to assess 
beneficial environmental impacts of products, services, organizations, and projects. It allows 
consideration of several impact categories including climate change, air quality and 
utilization of nutrients, water and resources thus providing a multi-purpose indicator for 
many applications.  

As footprints measure principally the negative life cycle impacts of products and services, 
environmental handprint approach provides a way to assess and communicate positive 
environmental impacts hence offering a necessary extension for life cycle studies. 
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Abstract: Cities play a pivotal role in climate change mitigation; however, the methodology to
quantify actual emission reduction potential of climate interventions implemented by cities and
regions has been lacking. The aim of this study is to create a framework to assess positive climate
impacts of cities and regions by modifying the life-cycle assessment (LCA)-based carbon handprint
framework. Additionally, a step-by-step guidance to perform calculations is presented. A case study
of the Finnish city of Espoo is used to further develop and test the regional handprint approach
both qualitatively and quantitatively. According to our research, a city′s carbon handprint can be
determined through the three main mechanism categories of ownership, operating environment and
projects. In the case of Espoo, the carbon handprint of building public electric vehicle charging stations
on city-owned land from the mechanism category of ownership showed to be up to 110 tCO2eq/a
for 18 charging stations. However, the overall handprint of a city consists of several actions, to
be calculated separately. The regional carbon handprint approach provides a useful instrument to
reliable quantify and communicate the innovative climate actions implemented by a city and it can
be used in cities′ climate work as well as in marketing and branding purposes. Handprint turns the
focus on possibilities for increasing a city vitality. As a provider of climate solutions, a city can attract
new taxpayers and by focusing efforts to a certain sector, a city can help companies to reach synergies
in fields essential from the climate point of view.

Keywords: footprint; handprint; carbon footprint; carbon handprint; greenhouse gas emissions;
climate change; life-cycle assessment

1. Introduction

Urban areas play a significant role in global climate change mitigation and the im-
plementation of low carbon solutions. Due to the current trend towards ever greater
urbanisation, more than half the world′s population live in cities, and this share is con-
stantly increasing [1]. Urbanisation is also a major contributor to global climate change. In
2020, cities were responsible for two thirds of global energy consumption and over 70% of
greenhouse gas (GHG) emissions [2]. Various actions to cut urban emissions and achieve
carbon neutrality have already been implemented. These are based on city-level GHG
inventories and voluntary frameworks and share a focus on reducing GHG emissions from
the key sectors of energy and transportation [3].

A community-level GHG inventory, that is, a carbon footprint calculation, is the main
tool used to support the carbon neutrality of cities and communities [4]. A city′s carbon
footprint assessment gives an understanding of emission sources and quantities [5]. Thus,
transparent and consistent inventories form the basis of cities′ climate action plans. Several
international voluntary frameworks for calculating cities′ carbon footprints have been
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developed, such as the GHG Protocol for Cities [5] and PAS 2070 [6]. City-level carbon
emission inventories based on different frameworks have been shown to be useful in
lowering local emissions and increasing the effectiveness of local climate work [7]. Addi-
tionally, different city emission accounting systems, such as territorial-, production-, and
consumption-based calculations, have been developed to deepen awareness of climate
change mitigation in cities [8]. Cities′ climate plans may also be linked to a national reg-
ulatory process, as in Sweden, Italy and France [9]. Additionally, cities may have made
national (e.g., carbon neutrality communities in Finland (Hinku) [10]) and international
(e.g., Covenant of Mayors (CoM) [11], C40 Cities Climate Leadership Group [12]) com-
mitments to climate actions aimed at achieving carbon neutrality. However, it has been
recognised that cities struggle to achieve carbon neutrality when regional targets are more
ambitious than national ones [13]. In contrast, cities are better enabled to achieve carbon
neutrality targets through commitment on the local level, a shared understanding between
the city, its citizens and stakeholders in the vision and goals of climate action, and a high
level of local activities [4].

Alongside footprint approaches, which mainly measure environmental burden, ‘hand-
print’ thinking has recently emerged, which assesses the positive environmental impacts of
actions [14]. Norris et al. [15] introduced a framework to quantify the positive environmen-
tal, economic and social changes caused by an actor when compared to a business-as-usual
situation. Biemer [16] highlighted the importance of concentrating on the positive point of
view when promoting sustainability. The carbon handprint framework proposed by Grön-
man et al. [14] and Pajula et al. [17] provides an approach to quantify and communicate the
positive climate impacts that solutions can achieve compared to a baseline practice. The
fundamental characteristic of the carbon handprint approach is that the handprint can be
achieved by improving the performance of other actors and reducing their carbon footprint.
As centres of education, research, economic activities, innovation and new technologies [18],
cities influence private and public actors as well as other cities and regions [19]. Thus,
a city′s potential to implement climate change mitigation actions is broader than simply
reducing its own carbon footprint. For example, Mohareb et al. [20] considered cities′ role
in mitigating life-cycle GHG emissions from the food system in the United States through
selected measures. The authors concluded that the actions implemented by cities, such
as waste management practices or reduction of post-distribution food waste, have the
potential to reduce total food sector emissions when compared with the baseline situation.
Such findings suggest that cities have the potential to positively influence emissions on a
large scale.

Community-level GHG inventory frameworks focus on the identification of emis-
sion sources and quantities [5]. However, cities lack a more systematic understanding
of how to estimate and quantify the emission reduction potential of different climate in-
terventions [21]. Recent research has also underlined the effectiveness of using life-cycle
assessment (LCA) methodology to bring about GHG emission reductions locally and glob-
ally, as it accounts for emissions at a systemic level [22]. Furthermore, there have been
calls for reliable information to support decision-making for future actions to ensure the
effectiveness, continuity and development of climate work [23]. Besides sustainability and
climate aspects, cities need to ensure their viability and livability in the face of changeable
conditions. Adopting a pioneering role in climate actions may also promote the vitality
and prosperity of a city.

To date, the assessment and quantification of positive climate impacts and avoided
emissions has concentrated on product level, such as in the framework for estimating
and reporting the comparative emissions impacts of products by the World Resources
Institute (WRI) [24] and Kawasaki Mechanism Certification System [25]. The carbon
handprint framework is applicable at product, service and project levels, as well as that
of organisations, through a product or service portfolio [26]. However, a regional-level
carbon handprint assessment has been lacking even though cities and regions also need
tools to define, quantify and communicate the positive impacts of climate actions. In this
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paper, we present a novel approach to recognise and quantify the innovative climate actions
implemented by a city or region. Our study responds to the need for a systematic, LCA-
based framework to evaluate and quantify emission reduction potential of climate actions
done by cities and regions also when aimed at carbon footprint reductions of other actors
than city itself. The proposed approach is based on the carbon handprint framework [26],
which provides guidelines to assess positive climate impacts.

2. Materials and Methods

This section briefly describes the methodological development of the regional carbon
handprint approach and then introduces the case study. The framework for assessing the
carbon handprint for cities and regions is presented in Section 3, ‘Results’, as is the outcome
of the case study.

2.1. Methodology Development

This study applies the LCA-based carbon handprint approach introduced by Grönman
et al. [14] and Pajula et al. [17]. The carbon handprint refers to the positive climate impacts
that a product or service may yield when compared with a business-as-usual solution.
Thus, the carbon handprint equates to the reduction in the carbon footprint of a product
or service user. The carbon handprint approach has been modified recently to cover other
elements besides products and services, such as projects and organisations through their
product portfolios as well as other environmental categories beyond climate change [27].
In Lakanen et al., the carbon handprint was applied in the context of air quality [28].

Figure 1 presents the development stages of the regional carbon handprint approach.
The starting point for the approach is the existing ISO standards for LCA [29,30] and carbon
footprinting [31]. Moreover, the basis for carbon handprint thinking is derived from the
work carried out by LUT University and the research institution VTT.
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The methodology development for the carbon handprint of cities and regions fol-
lowed the scientific principles of relevance, completeness, comparability, accuracy and
transparency. Firstly, the purpose of the regional-level carbon handprint was defined with
regard to relevancy. The need and use purpose of this approach were clarified according to
recent literature as well as discussions with several city, regional council and voluntary sec-
tor representatives. Consequently, the use purpose of the city carbon handprint framework
was built upon three main points:
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1. Bringing the focus onto opportunities for a city to be a beneficial actor in climate-related is-
sues. The opportunities cities have to mitigate climate change are not limited to reducing city
GHG emissions or achieving carbon neutrality, but comprehend reducing GHG emissions
more widely. In addition to reducing emissions, innovative actions with wide-reaching
impacts serve as examples to others and help to reinforce a city′s continued viability.

2. Unveiling the significant potential of cities to act as solution providers for actors such as
citizens and organisations both within and outside the city′s boundaries. Cities are important
platforms for innovation and novel solutions. In cities, the cooperation between different
actors, such as the city, educational institutions, companies and research facilities, provides
a setting for developing innovations that benefit different stakeholders both within and
outside the city.

3. Assisting a city to increase its handprint systematically so that benefits for the city can be
maximised. One of the main aims of determining a city′s carbon handprint is to increase
its handprint, year by year, which can only be achieved by systematic planning and
establishing clear development targets in specific sectors which are important in the city.

In the second step of the methodology development process, the handprint mechanism
categories for cities were identified following the principle of completeness. Versatile
mechanisms were identified to guarantee that the complete set of contributors that reduce
the footprint of others, and thus create the handprint in the regional setting, is considered.
The third step involved ensuring that the regional handprint was defined in such a way
that it could be compared with existing handprint frameworks and ISO standards. For the
fourth step, the novel carbon handprint approach for cities and regions was applied to
the case study, which began by gathering data in cooperation with the city of Espoo. The
accuracy of the data used is vital to acquire reliable and useful results from the handprint
assessment. Finally, the results of the case study were summarised and communicated
transparently. This paper presents an exemplary calculation from the Espoo case and
qualitatively describes other actions carried out in Espoo which may contribute to its
carbon handprint.

Based on the methodology development, a systematic four-stage framework adapted
from previous carbon handprint work [26] was compiled to define and guide regional
carbon handprint assessments.

2.2. Case Study: The Carbon Handprint of the City of Espoo

To demonstrate the carbon handprint approach for cities, a case study of the city
of Espoo, Finland, was conducted. Espoo is located in Southern Finland, in the region
of Uusimaa, and is the second-largest Finnish city by population, with approximately
300,000 residents and a population density of 950/km2 [32]. Espoo is a hub for many
major international technology companies and home to the Aalto University and Technical
Research Center of Finland. The city of Espoo joined the CoM in 2010. In the same year,
the city set a goal of reducing its GHG emissions by 28% from the 1990 level by the year
2020. Having reached this goal in 2016, the city set a further goal of reaching carbon
neutrality by 2030, defined as an 80% reduction in emissions compared with the 1990 level.
Espoo is also engaged in Sustainable Energy and Climate Action Plan (SECAP) submission,
which consists of several measures aimed at GHG reductions in different sectors. To
date, Espoo has, for example, executed emission-free and carbon-neutral district heating
projects, increased the utilisation of renewable energy sources in city-owned buildings and
advanced smart-home solutions within the city. Many of the actions have been carried out
in collaboration with public and private organisations [33].

The case study was conducted primarily as a literature review to identify potential
carbon handprint-producing activities associated with the city. Discussions with city
representatives were also held to gather data. No exhaustive list of handprint contributors
was composed, but relevant examples were identified and applied to the city carbon
handprint framework. Although the total carbon handprint of a city is the sum of the
effects of many activities, as an instance the handprint of a single activity was calculated.
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3. Results and Discussion

The carbon handprint of a city or region is a means to recognise the climate leadership
initiatives of a city and thereby maximise their positive impact, both in and outside the
city. In addition to communicating the current climate actions taken by a city, the carbon
handprint framework provides a tool to develop future climate actions.

3.1. The Framework for Assessing the Carbon Handprint of Cities and Regions

Figure 2 presents the framework for defining and assessing the carbon handprint
of cities and regions. The framework consists of four stages, each including multiple
steps, and thus provides detailed guidance for conducting regional-level carbon handprint
assessments. In the following sections, every step of the first stage is explained. Instructions
for stages 2–4 are available for review in the carbon handprint guide [26].

Sustainability 2022, 14, x FOR PEER REVIEW 5 of 14 
 

The case study was conducted primarily as a literature review to identify potential 
carbon handprint-producing activities associated with the city. Discussions with city rep-
resentatives were also held to gather data. No exhaustive list of handprint contributors 
was composed, but relevant examples were identified and applied to the city carbon 
handprint framework. Although the total carbon handprint of a city is the sum of the ef-
fects of many activities, as an instance the handprint of a single activity was calculated. 

3. Results and Discussion 
The carbon handprint of a city or region is a means to recognise the climate leader-

ship initiatives of a city and thereby maximise their positive impact, both in and outside 
the city. In addition to communicating the current climate actions taken by a city, the car-
bon handprint framework provides a tool to develop future climate actions. 

3.1. The Framework for Assessing the Carbon Handprint of Cities and Regions 
Figure 2 presents the framework for defining and assessing the carbon handprint of 

cities and regions. The framework consists of four stages, each including multiple steps, 
and thus provides detailed guidance for conducting regional-level carbon handprint as-
sessments. In the following sections, every step of the first stage is explained. Instructions 
for stages 2–4 are available for review in the carbon handprint guide [26]. 

 
Figure 2. The framework for assessing the carbon handprint of cities and regions. Figure 2. The framework for assessing the carbon handprint of cities and regions.

The framework consists of four main stages: Stage 1. Handprint requirements; Stage 2.
Additional LCA requirements; Stage 3. Quantification; and Stage 4. Communication. The
first stage, handprint requirements, is specific to handprint assessments and the foundation
of further quantification. The first step is to define the scope of the study, which in the case
of regional carbon handprints refers to the city or region under review. In the next step, the
actions which may generate or contribute to a handprint are identified and classified into
mechanism categories. In our study, three main mechanism categories were identified:



Sustainability 2022, 14, 6534 6 of 14

1. Ownership refers to the GHG-reduction actions that can be implemented through
city-owned property or companies. For example, city-owned companies may provide
products or services that reduce the carbon footprints of their customers or a city may
provide real estate or land for climate-friendly initiatives.

2. Operating environment refers to whether a city or a region offers a climate-friendly
operating environment for a company or resident. For instance, through urban
planning and construction, traffic, energy, waste management, implementation of a
circular economy and public procurement processes, cities and regions may provide an
operating environment that enables reductions in the carbon footprints of other actors.

3. Projects refers to the innovative climate projects or other initiatives in which the city
plays an important role. A city can achieve direct benefits by participating in projects
that reduce the GHG emissions of beneficiaries or indirect benefits if some other actor
follows its pioneering example and the climate-friendly initiate is replicated elsewhere.

In addition to the three main mechanism categories, handprint contributors can be
classified as companies—other aspects; however, these contributors should be reported
separately. This category includes companies providing carbon handprint solutions through
products or services where a city or region has no connection to that company′s operations
except offering them a location in which to function. However, for marketing and branding
purposes, it might be advisable to communicate the carbon handprints of companies that
operate in the area.

In the case of the mechanism categories of ownership and operating environment, the
assessor is advised to refer to the product [26] or company handprint guidelines [34]. The
mechanism category of projects follows the guidelines for project handprint assessment,
which are elaborated upon by Vatanen et al. [34]. Additionally, in the context of companies—
other aspects, the product handprint guidelines [26] should, again, be referred to.

The third step involves selecting the environmental impact categories and their indi-
cators. Currently, the regional-level handprint only covers the impact category of climate
change; thus, it is advised that GHG emissions and removals be included in the assessment.

Identifying the beneficiaries of the actions included in the carbon handprint assessment
is crucial since the fundamental function of handprinting is to facilitate emission reductions
by others. Step four is to identify the users or beneficiaries of the city′s climate actions
identified in the previous steps. In the context of cities, beneficiaries may include the city′s
current and potential residents, companies and organisations as well as actors outside the
city borders. However, depending on the situation, several beneficiaries may be identified,
or no beneficiaries may be precisely identified. Then, an examination can be conducted
at the system level by considering the case from a wider point of view. For example, the
carbon handprint assessment of climate change mitigation projects may require system-
level examination when society as a whole is identified as a beneficiary.

The final step of Stage 1 concerns establishing baseline conditions, which creates a
point of comparison in the handprint assessment. Choosing a baseline depends on the
mechanism category, as presented in Figure 2. However, generally, in each case, a baseline
represents the conditions as they would be without the relevant climate leadership initiative
provided by the city. The baseline should be chosen based on the current practices and
conditions that the beneficiary is facing. For more detailed instructions and additional
information on the baseline determination procedure, the reader is advised to refer to the
Carbon Handprint Guide v. 2.0 [26]. The guide also provides instructions for following
Stages 2–4 of the handprint assessment.

3.2. Separating a Carbon Footprint from a Carbon Handprint

The carbon footprint of a city or region is an absolute measure of the total GHG
emissions a city causes and removes [5]. In contrast, its carbon handprint defines and
quantifies the emission reductions achieved in the carbon footprints of other actors due to
the actions it performs.
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The core of climate change mitigation activities in cities is the minimisation of the
carbon emissions within a city, that is, the reduction of its carbon footprint. However, an
even higher potential to reduce emissions exists in taking measures that affect the carbon
footprint of others. Residents, other stakeholders and companies within and beyond a city
might benefit from climate actions implemented by the city in terms of GHG reductions.
For instance, by spreading good GHG-reduction practices, the impact of a city may reach
even national and global levels. Hence, there is no upper limit when reducing the carbon
footprint of others and, in contrast to its carbon footprint, a city′s carbon handprint should
be extended to cover as many beneficiaries and areas as possible.

City-level assessments must consider separating the city as a geographical area from
the city as an organisation. Generally, a city as an organisation is an executive organ of
actions. Nevertheless, in a carbon footprint context, an emission inventory is performed
according to activities occurring within the geographical boundaries of a city and reduc-
ing its carbon footprint requires the cutting of emissions or consumption within these
predetermined boundaries. In contrast, in a carbon handprint assessment, geographical
boundaries do not necessarily reflect the city′s boundaries because emission reductions
may occur anywhere. Hence, geographical boundaries are defined for each case individu-
ally. However, handprint activities may also occur in the city and reduce the city′s carbon
footprint. Importantly, the carbon handprint of a city cannot be subtracted from its carbon
footprint. Figure 3 illustrates the relationship between the city as an organisation and the
geographical boundaries of the footprint and handprint assessments of a city.
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3.3. The Results of the Espoo Case Study

In the case study, the carbon handprint contributors in the city of Espoo were divided
according to the three main mechanism categories: ownership, operating environment and
projects. Additionally, the actions that fall within the mechanism category of companies—
other aspects were identified, but they should be reported separately. As the case study
was conducted to support methodology development, no exhaustive list of handprint
contributors was composed; rather, one example of each mechanism category was selected
to be applied to the framework. Some additional examples of handprint contributors in
Espoo are also mentioned in the text, but not in the framework.

Figure 4 illustrates three identified handprint contributors in the city of Espoo applied
to the framework of the city′s carbon handprint. Only the first two stages are represented
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as they are the most central, as well as being unique to case assessments. Stages 3 and 4
follow the general framework represented in Figure 2.

Sustainability 2022, 14, x FOR PEER REVIEW 8 of 14 
 

3.3. The Results of the Espoo Case Study 
In the case study, the carbon handprint contributors in the city of Espoo were divided 

according to the three main mechanism categories: ownership, operating environment 
and projects. Additionally, the actions that fall within the mechanism category of compa-
nies—other aspects were identified, but they should be reported separately. As the case 
study was conducted to support methodology development, no exhaustive list of 
handprint contributors was composed; rather, one example of each mechanism category 
was selected to be applied to the framework. Some additional examples of handprint con-
tributors in Espoo are also mentioned in the text, but not in the framework. 

Figure 4 illustrates three identified handprint contributors in the city of Espoo ap-
plied to the framework of the city′s carbon handprint. Only the first two stages are repre-
sented as they are the most central, as well as being unique to case assessments. Stages 3 
and 4 follow the general framework represented in Figure 2. 

 
Figure 4. The framework for assessing the carbon handprint in the case of Espoo. Figure 4. The framework for assessing the carbon handprint in the case of Espoo.

The mechanism category of ownership refers to city-owned companies or property
through which the city can provide carbon footprint-reducing solutions to users. In the
case of Espoo, a potential footprint-reducing activity related to city-owned property is
enabling the placement of market-based electric vehicle (EV) charging stations on city-
owned land. Although policies allowing the installation of charging stations on city-owned
land or property do not directly reduce the carbon footprint of the city, the existence of an
expanding charge station network may encourage the phasing out of fossil fuel vehicles,
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thus contributing to the city′s carbon handprint. Additionally, the availability of public EV
chargers has the potential to create a carbon handprint when the charger uses renewable
electricity instead of average grid mix [33].

The second handprint mechanism category is related to providing a climate-friendly
operating environment for a business or resident. This category includes activities such as
promoting carbon-neutral electricity production through solar electricity bidding, actions
to increase the efficiency and diversity of transport and the provision of local ecosystems
for green business [33]. The activity of providing city-owned apartment buildings with
carbon neutral electricity and district heat is selected as an example in Figure 4.

The third mechanism category relates to the pioneering of novel footprint-reducing
solutions. Espoo has been a pioneer in electrifying the public bus network. Currently, the
city is participating in a geothermal energy project aiming at carbon neutrality. Successful
projects may be replicated by other cities in the future and thus contribute to increasing
Espoo′s carbon handprint [33].

The fourth and final mechanism category is related to the many ways in which non-
city-owned companies can increase a city′s carbon handprint. Example activities within
this category are the implementation of a virtual power plant within a shopping centre in
the city and cleantech companies in the city providing footprint-reducing solutions to their
customers [33]. However, the fourth mechanism category is excluded from Figure 4 as the
city of Espoo has no immediate connection to these handprint activities. At the same time,
they might increase the city′s attractiveness and viability.

The total carbon handprint of a city is the sum of the effects of many activities. To
demonstrate the quantitative assessment, the carbon handprint of building public EV charge
stations on city-owned land from the mechanism category of ownership was calculated.
The hypothesis was that the availability of public EV chargers has the potential to create a
carbon handprint if the charger uses renewable electricity. The handprint is created by the
difference in carbon footprint when compared to charging the vehicle using an electricity
mix containing energy produced with fossil fuels. In the calculation, the user of an offered
solution is a person who already lives within the city and owns an EV.

EV charging at home with the national Finnish electricity mix is used as a baseline,
whereas the offered solution includes the use of public charging stations in Espoo operating
with electricity from wind power. The system boundaries of the solutions are presented
in Figure 5. Calculations about the life cycle GHG emissions of an EV are not included in
the assessment, as the life cycle is included in both solutions. The difference in the carbon
footprints of the solutions is represented by the differences in life-cycle emissions between
a home charger using mixed electricity and a public charger using renewable energy. The
functional unit is the amount of energy consumed by driving an EV in one year.

The national Finnish average distance driven using a vehicle powered by a method of
propulsion other than petrol or diesel was 15,062 km in 2018 [35]. The energy consumption
of an EV is generally between 0.15 kWh/km and 0.30 kWh/km [36]. In the assessment, the
average value 0.225 kWh/km is used. The GWP100 values for the Finnish electricity grid
mix and electricity from wind power were derived from the GaBi LCA modelling software
database [37]. The public chargers in Espoo are alternative current (AC) chargers. In its
use stage, a public AC charger produces 9.62 gCO2eq/kWh more emissions than a home
charging device, due to greater use of material and energy during the material acquisition
and manufacturing stages and to greater electricity loss in the use stage. The lifetime of
both charger types is assumed to be eight years [38].

Maximum carbon footprint from the use of each charger type is produced when
100% of charging is carried out with a specific charger. For one EV vehicle, the carbon
footprints for home charging and public charging are shown to be 671 kgCO2eq/a and
62 kgCO2eq/a, respectively. The maximum carbon handprint for a public charger can be
calculated as the difference of the carbon footprints. Consequently, the maximum carbon
handprint for a public charger is 609 kgCO2eq/a for the one EV vehicle. In 2021, 18 new
public charging stations were installed in Espoo [39]. As the European Union suggests that



Sustainability 2022, 14, 6534 10 of 14

there should be, on average, one charging point per 10 cars [40], the potential to charge
180 EVs is created. In that case, maximum carbon footprints for home charging and public
charging are 121 tCO2eq/a and 11 tCO2eq/a, respectively. The carbon handprint potential
of installed public charging stations corresponds to up to 110 tCO2eq/a, as visualised in
Figure 6. This equals 91% emission reduction potential.
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In reality, it is unlikely that 100% of EV charging is carried out in public charging
stations. The more plausible scenario is one where the vehicle is charged both at home
and at a public charging station during the year. In such a scenario, the handprint of EV
charging in 18 new public charging stations will be between 0 and 110 tCO2eq/a, where the
numbers correspond to 0% and 100% of charging carried out at a public station, respectively.

3.4. Utility of the Carbon Handprint Approach for Cities

Whereas community-scale GHG inventories form the basis for understanding emis-
sion sources and reduction potential within a city′s boundaries [5], the carbon handprint
communicates the emission reduction potential which cities and regions may be able to
achieve at global level.

Previous studies have indicated that cities′ potential to reduce the GHG emissions
originating from the activities that take place within their boundaries are limited [13].
Additionally, community-level GHG accounting contains several uncertainties, which may
further restrict climate change mitigation activities. For example, climate neutrality may be
achieved more readily when convenient system boundaries are set in GHG inventory [41].
Thus, besides developing and harmonising present GHG accounting frameworks, the
recognition and implementation of more widespread GHG-reduction activities are needed
for cities to reach their full potential as mitigators of climate change. The regional carbon
handprint approach presented in this paper provides a scientific and coherent framework by
describing guidelines for assessing, as well as developing, large-scale mitigation activities
in cities from a positive point of view. As the handprint framework provides an important
extension to the existing climate work being done in cities, in the future, it would be
interesting to consider integrating it into voluntary frameworks such as CoM commitments.

Besides providing an instrument to enhance climate change mitigation work, a carbon
handprint can be used as a communication tool in cities′ marketing and branding. It
provides a reliable indicator when communicating and promoting the actions a city is taking
in the battle against climate change to attract new residents, businesses and initiatives
to the area. With a systematic strategy, cities can maximise their handprint potential in
the years to come. Additionally, especially given that recent research has underlined
the need to transition from resource-dependent industrialisation to innovation-driven
sustainable development in urban areas [42] and to avoid locking ourselves into high-
emission pathways in the future [43], a systematic handprint strategy will promote and
support cities′ development of novel, innovative solutions to combat climate change. For
example, decisions concerning land use and infrastructure can significantly affect the future
direction of emissions.

In the carbon handprint approach, identifying beneficiaries, users or clients is essential
as the fundamental purpose of this approach is to reduce the carbon footprint of others. In
the case of cities, a large number of diverse beneficiaries can be identified, such as residents,
companies and other cities. One beneficiary group, companies, may gain considerable
benefits from the climate actions implemented by cities. As companies strive for carbon
neutrality and fewer emissions, cities can help to reduce their emissions, which may, in
turn, reduce the need to compensate for emissions in companies. For example, cities may
provide renewable fuels for companies, energy-efficient facilities or products that reduce
the carbon footprint of the supply chain. Thus, the carbon handprint of cities also supports
the work companies are doing to mitigate climate change as well as emission reductions on
a larger scale.

Whereas community-level GHG accounting is based on the absolute emissions caused
by a city, the carbon handprint concentrates on acknowledging and quantifying the
emission-reduction potential of city-driven climate actions. In this paper, the carbon
handprint approach for cities and regions was applied to the city of Espoo by identifying
handprint contributors and calculating the carbon handprint for public EV charging sta-
tions built on city-owned land from the mechanism category of ownership. The results
show that the city′s climate leadership actions can be recognised and classified according
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to the guidelines, and the carbon handprint of different contributors can be quantified.
However, future research is needed, particularly in terms of data gathering, quantification
and communication. For instance, it should be studied whether it is feasible to compare
cities′ handprints with each other.

4. Conclusions

This study modifies previous carbon handprint framework to be applicable in the
scope of cities and regions. Presented framework provides guidelines to quantify and
communicate GHG emission reduction potential of actions launched by a city, which also
reduce carbon footprints of other actors. By following step-by-step guidelines, GHG-
reductive climate activities of cities can be recognised, categorised and quantified, as shown
in the case study of Espoo.

For wider adaptation of the carbon handprint framework of cities and regions, the
following policy recommendations are given. The carbon handprint should be included
in the climate work of cities to reliably show the life-time emission reduction potential of
climate interventions. Cities and regions should develop the carbon handprint potential
through long-term strategic planning to systematically increase the efficiency of their
climate actions. The carbon handprint of cities and regions could be used as communication
tool in cities′ marketing and branding to enhance the viability and attractiveness of a city
or region. In future, the carbon handprint assessment could be integrated into international
commitment frameworks such as CoM and C40 Cities.

The aim is that the carbon handprint framework for cities and regions would encourage
cities and regions to develop and assess novel, innovative and widespread solutions in
their climate work. As the main purpose of this study is to introduce and briefly test the
novel framework for assessing regional-level carbon handprints, additional qualitative and
quantitative case studies are suggested.

Author Contributions: Conceptualization, L.L., O.H., K.G. and R.S.; methodology, L.L., O.H., K.G.
and R.S.; software, L.L. and O.H.; validation, L.L., H.K., O.H., K.G. and R.S.; formal analysis, L.L., O.H.
and K.G.; investigation, L.L., O.H., K.G. and R.S.; resources, L.L., O.H., K.G. and R.S.; data curation,
L.L., O.H., K.G. and R.S.; writing—original draft preparation, L.L., H.K. and O.H.; writing—review
and editing, L.L., H.K., O.H., K.G. and R.S.; visualization, L.L., O.H. and K.G.; supervision, K.G. and
R.S.; project administration, K.G. and R.S.; funding acquisition, K.G. and R.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Helsinki-Uusimaa Regional Council, grant number 307/07.
00.03.02/2021.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge Helsinki-Uusimaa Regional Council for funding and
cooperation. The authors would also like to thank Climate Leadership Coalition (CLC) and city of
Espoo for the support and case related discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. United Nations, Department of Economic and Social Affairs, Population Division. The World ’s Cities in 2018: Data Booklet;

ST/ESA/SER.A/417; UN: New York, NY, USA, 2018.
2. International Energy Agency IEA. World Energy Outlook 2021; IEA: Paris, France, 2021.
3. Mi, Z.; Guan, D.; Liu, Z.; Liu, J.; Viguié, V.; Fromer, N.; Wang, Y. Cities: The core of climate change mitigation. J. Clean. Prod. 2019,

207, 582–589. [CrossRef]
4. Pulselli, R.M.; Broersma, S.; Martin, C.L.; Keeffe, G.; Bastianoni, S.; van den Dobbelsteen, A. Future city visions. The energy

transition towards carbon-neutrality: Lessons learned from the case of Roeselare, Belgium. Renew. Sustain. Energy Rev. 2021,
137, 110612. [CrossRef]



Sustainability 2022, 14, 6534 13 of 14

5. WRI. C40—ICLEI Global Protocol for Community-Scale Greenhouse Gas Inventories. An Accounting and Reporting Standard for Cities;
WRI: Washington, DC, USA, 2014; ISBN 1-56973-846-7.

6. British Standards Institution BSI. PAS 2070:2013—Specification for the Assessment of Greenhouse Gas Emissions of a City; BSI Standards
Limited: London, UK, 2013; ISBN 978-0-580-77402-7.

7. Karhinen, S.; Peltomaa, J.; Riekkinen, V.; Saikku, L. Impact of a climate network: The role of intermediaries in local level climate
action. Glob. Environ. Chang. 2021, 67, 102225. [CrossRef]

8. Dahal, K.; Niemelä, J. Cities’ greenhouse gas accounting methods: A study of Helsinki, Stockholm, and Copenhagen. Climate
2017, 5, 31. [CrossRef]

9. Salvia, M.; Reckien, D.; Pietrapertosa, F.; Eckersley, P.; Spyridaki, N.A.; Krook-Riekkola, A.; Olazabal, M.; De Gregorio Hurtado, S.;
Simoes, S.G.; Geneletti, D.; et al. Will climate mitigation ambitions lead to carbon neutrality? An analysis of the local-level plans
of 327 cities in the EU. Renew. Sustain. Energy Rev. 2021, 135, 110253. [CrossRef]

10. Carbon Neutral Finland Hinku Network—Towards Carbon Neutral Municipalities. Available online: https://www.
hiilineutraalisuomi.fi/en-US/Hinku (accessed on 17 March 2022).

11. Covenant of Mayors. Reporting Guidelines. Available online: https://www.covenantofmayors.eu/IMG/pdf/Covenant_
ReportingGuidelines.pdf (accessed on 21 March 2022).

12. C40 Cities: C40 Annual Report. 2020. Available online: https://www.c40.org/wp-content/uploads/2021/11/C40_Annual_
Report_2020_vMay2021_lightfile.pdf (accessed on 22 February 2022).

13. Laine, J.; Heinonen, J.; Junnila, S. Pathways to carbon-neutral cities prior to a national policy. Sustainability 2020, 12, 2445.
[CrossRef]

14. Grönman, K.; Pajula, T.; Sillman, J.; Leino, M.; Vatanen, S.; Kasurinen, H.; Soininen, A.; Soukka, R. Carbon handprint—An
approach to assess the positive climate impacts of products demonstrated via renewable diesel case. J. Clean. Prod. 2019, 206,
1059–1072. [CrossRef]

15. Norris, G.A.; Burek, J.; Moore, E.A.; Kirchain, R.E.; Gregory, J. Sustainability Health Initiative for NetPositive Enterprise handprint
methodological framework. Int. J. Life Cycle Assess. 2021, 26, 528–542. [CrossRef]

16. Biemer, J.R. Our Environmental Handprints. Recover the Land, Reverse Global Warming, Reclaim the Future; Rowman & Littlefield
Publishers: London, UK, 2021; ISBN 9781538140666.

17. Pajula, T.; Vatanen, S.; Pihkola, H.; Grönman, K.; Kasurinen, H.; Soukka, R. Carbon Handprint Guide; VTT Technical Research
Centre of Finland: Espoo, Finland, 2018.

18. Rosenzweig, C.; Solecki, W.; Hammer, S.A.; Mehrotra, S. Cities Lead the Way in Climate-Change Action. Nature 2010, 467, 909–911.
[CrossRef] [PubMed]

19. Kern, K. Cities as leaders in EU multilevel climate governance: Embedded upscaling of local experiments in Europe. Environ.
Polit. 2019, 28, 125–145. [CrossRef]

20. Mohareb, E.A.; Heller, M.C.; Guthrie, P.M. Cities’ Role in Mitigating United States Food System Greenhouse Gas Emissions.
Environ. Sci. Technol. 2018, 52, 5545–5554. [CrossRef] [PubMed]

21. Sethi, M.; Lamb, W.; Minx, J.; Creutzig, F. Climate change mitigation in cities: A systematic scoping of case studies. Environ. Res.
Lett. 2020, 15, 93008. [CrossRef]

22. Cellura, M.; Cusenza, M.A.; Longo, S. Energy-related GHG emissions balances: IPCC versus LCA. Sci. Total Environ. 2018,
628–629, 1328–1339. [CrossRef] [PubMed]

23. Bai, X.; Dawson, R.J.; Ürge-Vorsatz, D.; Delgado, G.C.; Salisu Barau, A.; Dhakal, S.; Dodman, D.; Leonardsen, L.;
Masson-Delmotte, V.; Roberts, D.C.; et al. Six research priorities for cities and climate change. Nature 2018, 555, 23–25.
[CrossRef] [PubMed]

24. Russell, S. Estimating and Reporting the Comparative Emissions Impacts of Products. Available online: https://files.wri.org/d8
/s3fs-public/estimating-and-reporting-comparative-emissions-impacts-products_0.pdf (accessed on 17 April 2022).

25. Kawasaki City. Kawasaki Mechanism Certification System. Available online: http://www.k-co2brand.com/mechanism/en/
(accessed on 17 April 2022).

26. Pajula, T.; Vatanen, S.; Behm, K.; Grönman, K.; Lakanen, L.; Kasurinen, H.; Soukka, R. Carbon Handprint Guide V. 2.0. In
Applicable for Environmental Handprint; VTT Technical Research Centre of Finland: Espoo, Finland, 2021.

27. Lakanen, L.; Grönman, K.; Kasurinen, H.; Vatanen, S.; Pajula, T.; Behm, K.; Soukka, R. Approach for assessing environmental
handprints. E3S Web Conf. 2022, 349, 12001. [CrossRef]

28. Lakanen, L.; Grönman, K.; Väisänen, S.; Kasurinen, H.; Soininen, A.; Soukka, R. Applying the handprint approach to assess the
air pollutant reduction potential of paraffinic renewable diesel fuel in the car fleet of the city of Helsinki. J. Clean. Prod. 2021,
290, 125786. [CrossRef]

29. ISO 14040; Environmental Management—Life Cycle Assessment—Principles and Framework. ISO: Geneva, Switzerland, 2006.
30. ISO 14044; Environmental Management—Life Cycle Assessment—Requirements and Guidelines. ISO: Geneva, Switzerland, 2006.
31. ISO 14067; Greenhouse Gases. Carbon Footprint of Products. Requirements and Guidelines for Quantification. ISO: Geneva,

Switzerland, 2018.
32. Statistics Finland. Data by Municipality. Available online: https://www.stat.fi/tup/alue/tietoakunnittain_en.html (accessed on

12 April 2022).



Sustainability 2022, 14, 6534 14 of 14

33. Sjöblom, L.; Stambej, T.; Olsen, S. Espoon Kaupungin Kestävän Energian ja Ilmaston Toimintasuunnitelma (SECAP); Espoon kaupunki:
Espoo, Finland, 2019.

34. Vatanen, S.; Grönman, K.; Behm, K.; Pajula, T.; Lakanen, L.; Kasurinen, H.; Soukka, R.; Hepo-oja, L.; Lindfors, K.; Alarotu, M.
The Environmental Handprint Approach to Assessing and Communicating the Positive Environmental Impacts. Final Report of the
Environmental Handprint Project; VTT Technology: Espoo, Finland, 2021; p. 392. ISBN 978-951-38-8752-0.

35. Statistics Finland. Tieliikenteen Ajokilometreissä Edelleen Hienoista Kasvua. Available online: https://www.stat.fi/tietotrendit/
artikkelit/2019/tieliikenteen-ajokilometreissa-edelleen-hienoista-kasvua/?listing=simple (accessed on 12 April 2022).

36. Motiva. Sähköautot. Available online: https://www.motiva.fi/ratkaisut/kestava_liikenne_ja_liikkuminen/valitse_auto_
viisaasti/ajoneuvotekniikka/moottoritekniikka/sahkoautot (accessed on 12 April 2022).

37. Sphera GaBi Ts—Software-System and Database for the Life Cycle Engineering. 2019. Available online: https://gabi.sphera.com/
nw-eu-english/index/ (accessed on 12 April 2022).

38. Zhang, Z.; Sun, X.; Ding, N.; Yang, J. Life cycle environmental assessment of charging infrastructure for electric vehicles in China.
J. Clean. Prod. 2019, 227, 932–941. [CrossRef]

39. Espoon Kaupunki Lisää Julkisia Sähköautojen Latauspisteitä Helenin Kanssa—Tuulisähköä Hyödyntävät Latauspisteet
Yleistyvät Koko Suomessa. Available online: https://www.helen.fi/uutiset/2021/espoon-kaupunki-lisää-julkisia-sähköautojen-
latauspisteitä-helenin-kanssa-tuulisähköä-hyödyntävät-latauspisteet-yleistyvät-koko-suomessa (accessed on 12 April 2022).

40. European Commission Directive 2014/94/EU—Deployment of alternative fuels infrastructure. Off. J. Eur. Union 2014, L307, 20.
41. Heinonen, J.; Ottelin, J. Carbon Accounting for Regenerative Cities. In Rethinking Sustainability towards a Regenarative Economy;

Andreucci, M., Marvuglia, A., Baltov, M., Hansen, P., Eds.; Springer: Cham, Switzerland, 2021; p. 15. [CrossRef]
42. Wei, T.; Wu, J.; Chen, S. Keeping Track of Greenhouse Gas Emission Reduction Progress and Targets in 167 Cities Worldwide.

Front. Sustain. Cities 2021, 3, 696381. [CrossRef]
43. Ürge-Vorsatz, D.; Rosenzweig, C.; Dawson, R.J.; Sanchez Rodriguez, R.; Bai, X.; Barau, A.S.; Seto, K.C.; Dhakal, S. Locking in

positive climate responses in cities. Nat. Clim. Chang. 2018, 8, 174–177. [CrossRef]



ACTA UNIVERSITATIS LAPPEENRANTAENSIS 

1034. ARAYA GÓMEZ, Natalia Andrea. Sustainable management of water and tailings in the 
mining industry. 2022. Diss. 

1035.  YAHYA, MANAL. Augmented reality based on human needs. 2022. Diss. 

1036. KARUPPANNAN GOPALRAJ, SANKAR. Impacts of recycling carbon fibre and glass 
fibre as sustainable raw materials for thermosetting composites. 2022. Diss. 

1037.  UDOKWU, CHIBUZOR JOSEPH. A modelling approach for building blockchain 
applications that enables trustable inter-organizational collaborations. 2022. Diss. 

1038. INGMAN, JONNY. Evaluation of failure mechanisms in electronics using X-ray imaging. 
2022. Diss. 

1039.  LIPIÄINEN, SATU. The role of the forest industry in mitigating global change: towards 
energy efficient and low-carbon operation. 2022. Diss. 

1040.  AFKHAMI, SHAHRIAR. Laser powder-bed fusion of steels: case studies on 
microstructures, mechanical properties, and notch-load interactions. 2022. Diss. 

1041. SHEVELEVA, NADEZHDA. NMR studies of functionalized peptide dendrimers. 2022. 
Diss. 

1042. SOUSA DE SENA, ARTHUR. Intelligent reflecting surfaces and advanced multiple 
access techniques for multi-antenna wireless communication systems. 2022. Diss. 

1043.  MOLINARI, ANDREA. Integration between eLearning platforms and information 
systems: a new generation of tools for virtual communities. 2022. Diss. 

1044. AGHAJANIAN, SOHEIL. Reactive crystallisation studies of CaCO3 processing via a 
CO2 capture process: real-time crystallisation monitoring, fault detection, and 
hydrodynamic modelling. 2022. Diss. 

1045. RYYNÄNEN, MARKO. A forecasting model of packaging costs: case plain packaging. 
2022. Diss. 

1046. MAILAGAHA KUMBURE, MAHINDA. Novel fuzzy k-nearest neighbor methods for 
effective classification and regression. 2022. Diss. 

1047. RUMKY, JANNATUL. Valorization of sludge materials after chemical and 
electrochemical treatment. 2022. Diss. 

1048.  KARJUNEN, HANNU. Analysis and design of carbon dioxide utilization systems and 
infrastructures. 2022. Diss. 

1049. VEHMAANPERÄ, PAULA. Dissolution of magnetite and hematite in acid mixtures. 
2022. Diss. 

1050.  GOLOVLEVA, MARIA. Numerical simulations of defect modeling in semiconductor 
radiation detectors. 2022. Diss. 

1051. TREVES, LUKE. A connected future: The influence of the Internet of Things on 
business models and their innovation. 2022. Diss. 

1052.  TSERING, TENZIN. Research advancements and future needs of microplastic 
analytics: microplastics in the shore sediment of the freshwater sources of the Indian 
Himalaya. 2022. Diss. 



1053.  HOSEINPUR, FARHOOD. Towards security and resource efficiency in fog computing 
networks. 2022. Diss. 

1054. MAKSIMOV, PAVEL. Methanol synthesis via CO2 hydrogenation in a periodically 
operated multifunctional reactor. 2022. Diss. 

1055. LIPIÄINEN, KALLE. Fatigue performance and the effect of manufacturing quality on 
uncoated and hot-dip galvanized ultra-high-strength steel laser cut edges. 2022. Diss. 

1056. MONTONEN, JAN-HENRI. Modeling and system analysis of electrically driven 
mechatronic systems. 2022. Diss. 

1057.  HAVUKAINEN, MINNA. Global climate as a commons — from decision making to 
climate actions in least developed countries. 2022. Diss. 

1058.  KHAN, MUSHAROF. Environmental impacts of the utilisation of challenging plastic-
containing waste. 2022. Diss. 

1059.  RINTALA, VILLE. Coupling Monte Carlo neutronics with thermal hydraulics and fuel 
thermo-mechanics. 2022. Diss. 

1060. LÄHDEAHO, OSKARI. Competitiveness through sustainability: Drivers for logistics 
industry transformation. 2022. Diss. 

1061. ESKOLA, ROOPE. Value creation in manufacturing industry based on the simulation. 
2022. Diss. 

1062. MAKARAVA, IRYNA. Electrochemical recovery of rare-earth elements from NdFeB 
magnets. 2022. Diss. 

1063. LUHAS, JUKKA. The interconnections of lock-in mechanisms in the forest-based 
bioeconomy transition towards sustainability. 2022. Diss. 

1064.  QIN, GUODONG. Research on key technologies of snake arm maintainers in extreme 
environments. 2022. Diss. 

1065. TAMMINEN, JUSSI. Fast contact copper extraction. 2022. Diss. 

1066. JANTUNEN, NIKLAS. Development of liquid–liquid extraction processes for 
concentrated hydrometallurgical solutions. 2023. Diss. 

1067. GULAGI, ASHISH. South Asia’s Energy [R]evolution – Transition towards defossilised 
power systems by 2050 with special focus on India. 2023. Diss. 

1068. OBREZKOV LEONID. Development of continuum beam elements for the Achilles 
tendon modeling. 2023. Diss. 

1069.  KASEVA, JANNE. Assessing the climate resilience of plant-soil systems through 
response diversity. 2023. Diss. 

1070.  HYNNINEN, TIMO. Development directions in software testing and quality assurance. 
2023. Diss. 

1071. AGHAHOSSEINI, ARMAN. Analyses and comparison of energy systems and scenarios 
for carbon neutrality - Focus on the Americas, the MENA region, and the role of geo-
technologies. 2023. Diss. 





1072
DEVELOPIN

G HAN
DPRIN

TS TO EN
HAN

CE THE EN
VIRON

M
EN

TAL PERFORM
AN

CE OF OTHER ACTORS
Laura Lakanen

ISBN 978-952-335-926-0 
ISBN 978-952-335-927-7 (PDF)

ISSN 1456-4491 (Print)
ISSN 2814-5518 (Online)

Lappeenranta 2023



 
 
    
   HistoryItem_V1
   Nup
        
     Create a new document
     Trim unused space from sheets: no
     Allow pages to be scaled: yes
     Margins and crop marks: none
     Sheet size: 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Sheet orientation: tall
     Scale by 90.00 %
     Align: centre
      

        
     0.0000
     10.0000
     20.0000
     0
     Corners
     0.3000
     ToFit
     0
     0
     1
     1
     0.9000
     0
     0 
     1
     0.0000
     1
            
       D:20230308134353
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1064
     478
     0.0000
     C
     0
            
       CurrentAVDoc
          

     0.0000
     0
     2
     0
     1
     0 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   StepAndRepeat
        
     Create a new document
     Trim unused space from sheets: no
     Allow pages to be scaled: no
     Margins and crop marks: none
     Sheet size: 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Sheet orientation: tall
     Layout: rows 1 down, columns 1 across
     Align: centre
      

        
     0.0000
     10.0000
     20.0000
     0
     Corners
     0.3000
     ToFit
     0
     0
     1
     1
     0.7000
     0
     0 
     1
     0.0000
     1
            
       D:20230308134451
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1064
     449
    
    
     0.0000
     C
     0
            
       CurrentAVDoc
          

     0.0000
     0
     2
     0
     0
     0 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base





