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Abstract 

The transition towards zero-carbon energy production is necessary to limit global warming. Smart energy systems have facilitated 
the control of demand-side resources to maintain the stability of the power grid and to provide balancing power for increasing re-
newable energy production. Virtual power plants are examples of demand–response solutions, which may also enable greenhouse gas 
(GHG) emission reductions due to the lower need for fossil-based balancing energy in the grid and the increased share of renewables. 
The aim of this study is to show how potential GHG emission reductions can be assessed through the carbon handprint approach 
for a virtual power plant (VPP) in a grid balancing market in Finland. According to our results, VPP can reduce the hourly based GHG 
emissions in the studied Finnish grid systems compared with the balancing power without the VPP. Typical energy sources used for 
the balance power are hydropower and fossil fuels. The reduction potential of GHG emissions varies from 68% to 98% depending on 
the share of the used energy source for the power balancing, thus VPPs have the potential to significantly reduce GHG emissions of 
electricity production and hence help mitigate climate change.
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Introduction
Climate change is a major challenge, and limiting global warming 
to 1.5°C or 2°C above pre-industrial levels calls for a consider-
able reduction in greenhouse gas (GHG) emissions. In 2020, the 
electricity sector accounted for 36% of the global energy-related 

CO2 emissions [1]. To cut emissions from this sector, transitioning 
from fossil-based to zero-carbon energy is required. Investment 
in renewables, such as wind and solar energy, is one of the key 
mitigation procedures. Annual growth rates of wind and solar 
energy generation were, on average, 17.0% and 22.3% worldwide 
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in 2021, respectively [2]. Eventually, our energy systems could 
become 100% renewable, which has been shown to be feasible 
technically and economically [3, 4]. However, wind power and 
solar power are fluctuating energy sources in nature; thus, there 
should be a wide implementation of different technologies cap-
able of balancing the grid in 100% renewable-energy systems [5, 
6].

Electricity generation must always be equal to consumption 
and the increasing share of intermittent renewables makes the 
maintenance of this balance an increasingly challenging task. 
The energy systems should be smart to regulate the frequency 
of the grid [7, 8]. There are several different definitions of a smart 
grid [9]. In this paper, the smart grid is understood as defined 
by the European Committee for Standardization [10]. The short 
definition is: ‘A smart grid is an electricity network that can in-
telligently integrate the actions of all users connected to it—gen-
erators, consumers and those that do both—in order to efficiently 
deliver sustainable, economic and secure electricity supplies’ 
[10]. A smart grid enables several types of technologies to balance 
the system by controlling the demand for electricity based on 
variations in generation. This type of demand–response (DR) may 
be facilitated, for example, by the use of batteries [11]; water 
electrolysis solutions called Power-to-X solutions, such as power-
to-gas or power-to-liquid solutions capable of transforming ex-
cess energy to something else [12, 13]; or buildings by integrating 
DR solutions for their heating, ventilation and air-conditioning 
(HVAC) systems [14].

Virtual power plants (VPPs) have been shown to be feasible 
systems to aggregate energy production from distributed energy 
resources. The idea of the VPP is to combine the DR potential 
of multiple end users and be a part of energy storage systems 
[14–16]. Consequently, VPPs can help eliminate peak loads and 
maintain the stability of the power grid. For example, the VPP can 
connect the automation systems of a group of buildings under 
a cloud-based platform, by which the energy consumption of 
the buildings can be remotely and automatically controlled [17]. 
Aggregating HVAC systems under the VPP enables the adjust-
ment of the electricity consumption by reducing or increasing the 
required energy in buildings instantaneously based on frequency 
in the electricity grid without causing noticeable changes in the 
indoor air quality [14, 18]. In addition to grid management, DR 
solution providers can join the electricity market as electricity 
providers, which may also enable economic profits [19].

Because the increasing number of DR solutions enables the 
increasing share of renewables in energy systems and possibly 
reduces the necessity for fossil-based balancing power, the im-
pact on GHG emissions is of interest. However, the calculation 
of possible GHG emission reductions of DR solutions is chal-
lenging because they do not necessarily directly reduce energy 
consumption or GHG emissions. DR solutions store, reduce or 
increase the energy consumption according to the frequency 
or demand of the grid, or transform the energy to other prod-
ucts or services, such as heat storage. The possible GHG emis-
sion reductions are supposed to be from product substitution 
because the fossil balancing power is avoided due to the down-
regulation, which reduces the energy consumption in the grid, 
via the DR solution. In addition, VPPs enable an increase in the 
share of renewables in the grid, which might reduce GHG emis-
sions [20]. Traditionally, the life-cycle climate impacts of products 
and services have been assessed with attributional life-cycle as-
sessment (A-LCA), but this approach is not suitable for model-
ling possible consequential environmental impact reductions of 

DR solutions without making a system expansion. Milovanoff et 
al. [21] studied the implementation of an hourly based dynamic 
LCA model for demand-side management programmes but did 
not consider local grid responses or consequential environmental 
impacts. Stoll et al. [22] studied how to calculate the carbon foot-
print for the hourly based energy consumption of DR tariffs but 
did not calculate the carbon footprint for a DR solution.

By using a consequential LCA (C-LCA), modelling the im-
pacts when an activity is expected to change the surroundings 
is possible [23, 24]. However, one challenge of C-LCA is to choose 
and estimate which products or services are affected, changed 
or substituted and in what quantities over time. The challenges 
arise from uncertainties of future predictions on how markets 
behave [25, 26]. The choices of the products or services affected 
can significantly influence the impacts [27, 28]. For overcoming 
the problem of choosing and avoiding the relevant products or 
services, the LCA-based carbon handprint approach developed by 
Grönman et al. [29] and Pajula et al. [30] can be applied. The hand-
print concept has been adopted by the scientific literature in re-
cent years and, although still emerging, there is a consensus that 
the handprint thinking underlines the actions with positive im-
pacts and development towards sustainability goals [29, 31–35].

The carbon handprint approach with its guided steps enables a 
fair and transparent comparison of the lifetime carbon emissions 
between a business-as-usual (BAU) solution and a new product 
or service introduced in the same market area and to the same 
customers. Principally, climate change impacts of products or 
services are assessed through carbon footprints, which measure 
absolute carbon emissions produced throughout the lifetime of 
the product or service [36]. However, the carbon handprint ap-
proach provides means to consider the relative positive climate 
impacts of offerings when used by a customer, which is crucial 
for climate change mitigation. It should be noted that the idea 
of the introduced approach is to provide means to communi-
cate with customers about the possible emission reductions in a 
consisted scientific manner; thus, it is a separate evaluation ap-
proach apart from footprint accounting. In addition, the hand-
print is not necessarily formed even if the actor has previously 
performed poorly from a climate point of view but improves their 
operations. For example, when the changed operation does not 
reduce customers’ BAU impact, the handprint is not formed [29]. 
As there is increasing need to communicate how positive actions, 
such as those of a DR solution provider, reflect on sustainability 
goals in a trustworthy way, the authors chose to use the carbon 
handprint approach. According to our review of the literature, no 
studies have evaluated the lifetime climate impacts of a DR solu-
tion and considered potential GHG emission reductions through 
the carbon handprint method.

In this study, we aim to show how to assess the lifetime cli-
mate impacts of a DR solution and, to achieve that objective, 
we use as an example a VPP in different grid systems. The con-
cept of a VPP and the case example are introduced in Sections 
1.1 and 1.2, respectively. The carbon handprint approach (please 
see Section 1.2.1) was used to estimate the possible emission re-
duction potential compared with that of the baseline solution. 
The remainder of our paper provides information on the signifi-
cance of VPPs as a climate mitigation action in the energy sector, 
explains how to measure the lifetime impacts of a DR solution 
and discusses the role of response providers in this cause (please 
see Sections 2 and 3). The gained information can be applied for 
investigation of GHG emissions of other DR solutions, which is 
becoming a more and more important issue due to the ongoing 
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energy transition, and provides a means to communicate the 
good that the DR solution provider can do for the grid operator 
from a climate point of view.

1  Materials and methods
In this section. we present the concept of a VPP and related power 
markets in Finland, and then the carbon handprint method and 
the case for handprint calculation are described.

1.1  VPP concept
The idea of VPPs is not new [37, 38] and ongoing research has 
practical and theoretical implications. For instance, Ran et al. [39] 
simulated the possibility of including a self-adjusting water flow 
supervisor as a part of HVAC systems, which can result in power 
reduction; Vedullapalli et al. [14] simulated how HVAC systems 
and storage batteries can be used as a DR solution; Yoon et al. [40] 
proposed integrating an artificial neural network for determining 
optimal retail prices as a part of DR HVAC systems; and Elgamal 
et al. [41] studied how to optimize the profit of VPPs. The VPP ana-
lysed in this study consisted of a combination of multiple DR 
solutions in buildings on a cloud-based platform, where they 
could be operated automatically and simultaneously. However, 
it should be noted that a VPP can consist of several DR solutions 
other than those in buildings (Fig. 1). In addition, the operator of 
the VPP can consider local weather conditions, the frequency of 
the local grid and conditions of the building through HVAC sys-
tems.

VPPs have been successfully piloted. For example, in Finland, 
aggregated resources, including DR, are eligible for all the electri-
city marketplaces operated by the transmission system operator 
Fingrid (Table 1) to maintain the grid system in balance. An ex-
ample is that the City of Lappeenranta, University Properties of 
Finland Ltd (SYK) [42] and Sello shopping centre [43] have imple-
mented VPPs that provide services to Fingrid.

Currently, in Finland, VPPs are designed to operate in fre-
quency control markets because their power capacities are still 
small. Frequency containment reserves (FCRs) are active power 
reserves automatically controlled based on the frequency devi-
ation in the grid in Finland. The minimum size for reserve cap-
acity in these markets varies from 0.1 to 1 MW, whereas joining 
balancing markets (mFRR) would require 5 MWh of reserve cap-
acity [44]. In the near future, some operators of VPPs might have 
the capacity to shift their markets into balancing capacity mar-
kets. For instance, Helsinki alone has ~1100 public service build-
ings in which the air ventilation power is sufficient to be used 
for DR solutions with total power for ventilation of >11 MW [45]. 
When a VPP operates in balancing capacity markets, it can be 
used to substitute energy production from peak power facilities. 
Grids traditionally use gas turbines with carbon-intensive fuels 
such as light oil for balancing purposes; therefore, gaining en-
ergy and emissions savings by implementing high-capacity DR 
solutions such as VPPs is possible. Of course, hydropower is an-
other typical means to balance the grid, if the location can have 
such reservoirs. In addition, VPPs might enable an increase in 
fluctuating renewable electricity production by providing reserve 
capacity.

Transmission system operator

Industrial demand
response

Weather forecast

Virtual power plant platform

Renewable sources

Energy storages

Buildings’ HVAC systems

Hydrogen production via
water electrolysis

Other resources with
flexible energy capacity

Fig. 1: Simplistic scheme of the idea of VPP [37,38,40]
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1.2  The case study: GHG reduction potential 
of a VPP when connected to HVAC systems of 
buildings and batteries
In the case study, the impact of the HVAC system of the SYK 
buildings and the batteries connected to the VPP impact on the 
life-cycle GHG emissions of electricity production is evaluated, 
when upscaled to reach the minimum capacity of 5 MWh re-
quired in balancing markets. The information of the operated VPP 
of SYK is used as an example for the upscaled version of VPP. SYK 
joined the VPP platform in September 2020 and, since then, SYK 
has integrated ~500 objects that can be used for power regula-
tion as a part of the VPP, which consists of 100-kWh lithium-ion 
(Li-ion) batteries and 430 kWh of HVAC systems, and operates in 
FCR-N markets. The VPP operational data from April to June 2021 
show that using the system at its full capacities is possible (Table 
2), thus here we upscale the system for minimum requirement to 
achieve balancing markets. As the introduced VPP acted in FCR-N 
markets, where FCR-N is a symmetrical product used to keep the 
frequency in the normal frequency range of 49.9–50.1 Hz, with 
the restricted period, the typical up- and down-regulations are 
similar. The upscaled VPP consists of a battery capacity of 940 
kWh and the remainder is from different DR solutions in build-
ings. The GHG reduction potential was calculated by using the 
carbon handprint approach for four different grid systems, which 
are described in Section 1.2.2. To form a handprint, the product 
or service needs to be used [28, 29]. As the idea of the case study 
is to evaluate how possible GHG reduction potential is formed, it 
is assumed that the upscaled VPP is economically competitive.

For integrating a building into a VPP platform, one required ac-
tion is to integrate HVAC systems with variable-frequency drive 
(VFD) equipment. VFD makes it possible to adjust the energy 
consumption with the frequency and voltage. Typically, modern 
buildings with large HVAC systems have VFDs installed [48], even 
if they are not a part of the VPP platform for energy efficiency 
reasons. As VFDs are already installed in many buildings with 
modern HVAC systems, we excluded the lifetime impacts of VFD 
and HVAC systems from the model. The same cannot be said for 
batteries, although they have been demonstrated to lower the 
stress for power peaks in the grid [49]. As the batteries can con-
sidered to be installed for the purpose of being a DR solution in 
the buildings, their lifetime emissions are included in the model.

1.2.1  Carbon handprint approach
As a promising indicator to assess and communicate positive 
impacts, several handprint approaches aiming at guiding in as-
sessments have been developed, mainly based on existing guide-
lines on LCA modelling. The Sustainability Health Initiative for 
NetPositive Enterprise (SHINE) approach introduced by Norris et 
al. [50] provides a framework to assess handprints related to all 
three aspects of sustainability: environmental, economic and 
social. In the SHINE approach, positive changes implemented 

by a defined actor are estimated by comparison to the BAU 
scenario by utilizing footprint-related metrics. In the SHINE ap-
proach, there is a net-positive concept meaning that the hand-
print is bigger than the footprint of BAU in the defined impact 
category. The SHINE approach has been used to estimate the 
handprint to the actors making the change to BAU in several 
studies [51, 52]. In the handprint approach by Kühnen et al. [34], 
the focus is on assessing positive contributions towards the 
sustainable development goals set by the United Nations [53]. 
Closely related to handprint thinking, the Avoided Emissions 
Framework also aims to capture climate benefit solutions com-
pared with BAU [54].

This study applies the LCA-based carbon handprint ap-
proach introduced by Grönman et al. [28] and Pajula et al. [29] 
and further modified by Pajula et al. [55] and Lakanen et al. [56]. 
According to Grönman et al. [28], handprints refer to the benefi-
cial environmental impacts that organizations can achieve and 
communicate by providing products or services that reduce the 
footprints of customers. In the carbon handprint approach, the 
gained handprint cannot be subtracted from the carbon foot-
print. The carbon footprint of a commonly used solution in cer-
tain areas is compared with the carbon footprint of a new, or as 
referred to in the framework, the offered, solution. Therefore, 
tracking the emission reductions achieved by the proposed 
solution is possible. The selected handprint approach allows 
attention on the real operation environment by the use of a 
functional unit, defined beneficiary and a baseline, thus pro-
viding realistic estimates on handprints. Additionally, step-by-
step guidelines are provided as a difference to other approaches 
[28, 29].

As the idea of the examined VPP concept is to provide means 
to lower the emissions of the energy generation while at the 
same time balancing the grid, it is relevant to know what kind 
of handprint can be formed per MJ. This is relevant as it is  

Table 1: Reserve products in Finland [46, 47]

 Frequency containment reserve for
normal operation (FCR-N) 

Frequency containment 
reserve for 
disturbances (FCR-D) 

Automatic frequency 
restoration reserve 
(aFRR) 

Manual frequency 
restoration 
reserve (mFRR) 

Fast frequency 
reserve (FFR) 

Purpose Constant control of frequency Returning frequency to its normal range and 
releasing activated FCR back into use

Managing low 
inertia situations

Minimum 
bid size

0.1 MW 1 MW 5 MW (used only 
during certain hours)

5 MW 1 MW

Table 2: Average increase (up-regulation) and decrease (down-
regulation) in power consumption of the VPP during the 
operational time of 3 months in FCR-N markets. Data were 
derived from personal communications with SYK.

 HVAC systems (kWh) Batteries (kWh) 

Maximum capacity 430 100

Typical down-
regulation of power

150 30

Typical 
up-regulation of 
power

150 30

Up-regulation of 
power (max)

435 100

Down-regulation of 
power (max)

435 100
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unclear what kind of total balance capacity the VPP could pro-
vide when comparing the service of the VPP to the BAU solu-
tion. LCA was applied to determine the carbon footprints of the 
VPP and four different grid systems, which were identified as 
baseline solutions. Lifetime carbon emissions were calculated 
using the LCA software GaBi 10.5. The global warming potential 
(GWP100s) was calculated using the CML 2016 impact assess-
ment method [57].

The carbon handprint framework for the VPP in the SYK build-
ings is shown in Fig. 2. The framework presents a step-by-step 
process of identifying the offered solution with GHG emission 
reduction potential, in this case, the VPP; the customers who po-
tentially benefit from the VPP; and the relevant baseline solu-
tion if the VPP is not in use in the examined market area. Stages 
2–4 are a guide to conducting the LCA-based carbon footprint 
calculation and how to measure and communicate the carbon 
handprint.

In Finland, VPPs operate mainly in the FCR electricity mar-
kets; hence, historical data from VPPs working in balancing 
capacity markets are not available. According to the carbon 
handprint guidelines, statistical or average data must be used 
if actual users are not known, but potential beneficiaries of the 
offered solution can be identified [55]. In the case study, potential 
GHG emission reductions were calculated based on the annual 
average emission factors of balance power generation. The en-
ergy consumption of the VPP has been excluded as it can be con-
sidered negligible. In addition, we assume that the VPP replaces 

an amount of energy produced to balance the grid that is similar 
to the capacity of the VPP through up- and down-regulation. The 
system boundaries of the carbon handprint calculation for the 
VPP are shown in Fig. 3.

According to Fingrid [58], in 2020, the average balancing en-
ergy per hour used was 21 MWh for up-regulation and 23 MWh 
for down-regulation; thus, we can assume that the maximum 
capacity of the VPP can be fully utilized most of the time when 
there is a need to regulate energy production or consumption. 
In addition, we assumed that increasing the energy generation 
while charging the batteries is unnecessary because of the 
times when the demand side is lower than the generation side. 
Hence, the amount of energy generation remains the same as 
that of the system without a VPP, which does not affect GHG 
emissions. Because the idea of the studied VPP system is to 
function in grid balancing markets, avoiding the activation of 
balancing power is possible by regulating batteries and HVAC 
systems of the connected buildings with the VPP. In this study, 
balancing capacity markets without a VPP was chosen as the 
baseline. The potential carbon handprint was assessed using 
four alternative scenarios representing different electricity grid 
mixes as baselines.

Typically, most of the activated balancing power of the 
Finnish grid system consists of hydropower, but the public infor-
mation on the sources and shares of activated balancing power 
sources is limited. In addition, the amount of activated hydro-
power varies by the season, annual weather conditions and grid 

Virtual power plant (VPP)

Climate change:
GHG emissions

VPP, including batteries, relieves the load on the grid and aims to balance peak loads in electricity demand. As supplementary electricity
during the peak loads might be produced by fossil fuels, the VPP might reduce the need for fossil fuels and consequently, reduce greenhouse

gas (GHG) emissions. Additionally, VPPs enable increase in renewable electricity production by providing flexibility in electricity use.

Transmission system operator operating in balancing capacity markets (mFRR) in Finland

Balancing capacity markets (mFRR) without the VPP in Finland in 2021

Production of 5 MWh of balancing electricity

Baseline: Life cycle of studied grid systems Finland in year 2021
VPP: The life cycle of the upscaled VPP in SYK buildings used in Finland in 2021. The life cycle emissions of lithium batteries connected to the VPP.

Baseline: Life cycle GHG emissions of studied grid systems Finland in year 2021
VPP: Production, transportation, use (electricity consumption of servers), life cycle emissions of batteries

Total release of GHG emissions over the examined system boundary for the baseline and offered solutions

Difference between carbon footprints in the baseline and offered solution

GHG emissions reduction in kgCO2eq and %

Communication units kgCO2eq and %

Critical review through manuscript review process

Define the scope of the
offered solution

Identify potential
handprint contributors

Identify the
environmental impacts in

question and their
potential indicators

Identify the users and
beneficiaries of the
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Fig. 2: Framework for the carbon handprint calculation in the case study of SYK
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functions; thus, simplifications are required. Here, we assumed 
that balancing power includes 85% hydropower, which was 
achieved in 2018 [59]. The remainder was assumed to consist 
of energy from fossil-based liquid fuel. The emission factors of 
different energy generation sources were derived from the GaBi 
databases.

1.2.2  Carbon handprint calculation for the transmission 
system operator
The carbon handprint for the VPP was modelled for four different 
grid systems (Table 3). Each scenario acted as an alternative base-
line (BAU) for the VPP. The baseline situation for Scenario 1 is a 
current Finnish grid that produces the average carbon emissions 
derived from the electricity generation of the annual grid balance. 
Here, we assumed that the possible energy savings from the de-
mand side was due to the VPP substituting the average energy 
mix from the balancing markets.

Public data were unavailable for determining the hourly re-
quirement for the energy source used to balance the grid; thus, 
we could not calculate the exact energy substitution possibil-
ities for different seasons. The commonly used solutions for grid 
balancing are fossil fuel-powered gas turbines and hydro storage. 
However, in many grid systems, hydro storage is not a feasible op-
tion because of geographical conditions. In addition, it is possible 
that the energy savings due to the VPP can reduce the need to 
produce energy for peak power gas turbines in peak power times 
in Finland, such as cold winter periods. Thus, the second scenario 
assumes that the energy produced for grid balancing consists of 
a 90% fossil-based source and 10% hydropower. In many cases, 
balancing can be achieved mostly by using hydropower, such as 
in rainy summer seasons; thus, the third scenario assumes that 
the energy produced for grid balancing consists of a 5% fossil-
based source and 95% hydropower. Overall, the examples show 
how different grid systems can influence the results of GHG emis-
sions.

There is no acute need to increase DR solutions to increase 
the capacity of fluctuating renewables in the Finnish grid system. 
However, if the capacities of fluctuating renewables continue 
to increase, the situation may change. Several studies have es-
timated the need for reserve requirements when increasing the 
capacity of wind power. The requirement can vary between 1% 
and 20% of the installed wind capacity depending on the grid 
system and the timescale of the forecast horizon [60–62]. Here, 
we assumed that a 10% more reserve requirement is necessary 
per installed wind capacity; thus, 5 MWh of new reserve power 
makes increasing the wind capacity by 50 MWh in the grid pos-
sible. However, as the annual wind energy generation is not 100% 
efficient, e.g. due to wind conditions, a region-specific capacity 
factor should be used to provide information on the quantity 
of power generation. To calculate wind power generation, we 
used a Finnish average capacity factor of 32.5% [63]. Thus, the 
fourth scenario models the carbon handprint if the DR solution 
makes increasing the wind power in the current energy grid pos-
sible. The handprint of the wind turbine was calculated by com-
paring the emission factors of the average grid mix in Finland. To  

Grid balancing electricity market

5 MWh of balancing
power

5 MWh of
balancing
power

Batteries: End-
of-lifeUseTransportation
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Renewable
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Fig. 3: System boundaries of the carbon handprint calculation for the VPP

Table 3: Differences in modelled grid systems acting as a 
baseline for handprint calculations

Baseline Substituted electricity 
sources for grid balancing 

Amount of new 
wind power 

Scenario 1 4.25 MWh hydropower
0.75 MWh fossil-based

–

Scenario 2 0.5 MWh hydropower –

4.5 MWh fossil-based

Scenario 3 4.75 MWh hydropower –

0.25 MWh fossil-based

Scenario 4 4.25 MWh hydropower 16.25 MWh

0.75 MWh fossil-based
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calculate the handprint containing both potential emission re-
ductions caused by additional wind power and substituted grid 
balancing reservoirs, we used system expansion (Fig. 4). System 
expansion can be used to divide the impacts between a product 
and a co-product without allocation. As the VPP does not gen-
erate electricity and it functions in a different market segment 
than wind energy providers, economic or energy allocation is not 
feasible. Here, extra wind power capacity can be considered as a 
possible co-product.

1.2.3  Influence of the capacity and function of the battery 
system on the carbon footprint of the VPP
In the case study, the VPP of SYK included Li-ion batteries of 
100 kWh to increase the capacity of the system for down- and 
up-regulation. Several LCA studies on different Li-ion-based 
batteries have been conducted [64–66], but the authors found 
only one that estimates the impacts for the DR perspective. 
Varlet et al. [67] estimated that the lifetime global warming 
potential (GWP) per kWh delivered by Li-ion batteries varies 
between 0.02 and 0.18 kg CO2-eq kWh–1 for those designed for 
residential storages. The variation is dependent on the fre-
quency of charging and emptying of the battery. The greater 
the number of charge and energy releases, the lower the life-
time GWP. The lifetime impacts consider transportation, infra-
structure requirements, material and energy inputs and waste 
outputs. Here, we assumed that the same impacts were applied 
in this study and that of Varlet et al. [67]. For the baseline situ-
ation, the average emission factor for the Li-ion batteries was 
used.

The lifetime GWP of Li-ion batteries depends on the number 
of charge and release cycles. Based on the public information 
provided by Fingrid, sometimes there are no charges or releases 
during a day. However, on other days, more than one cycle of 
charge and release occurs [58]. Because no historical data are 

available on the intensity of the cycles for VPP application in 
grid balancing markets, to estimate the influence of the grid 
fluctuation on the GWP of batteries, a different number of 
cycles are investigated on sensitivity analysis. As the batteries 
contribute most of the GHG emissions and the capacity of bat-
teries can vary in different DR systems, the battery capacity is 
also investigated. The number of cycles is 0.5 per a day and 4 
per a day, and the capacity of the battery system is decreased 
to 50 kWh.

2  Results
The carbon handprint is formed if the carbon footprint in the 
baseline situation is higher than that in the case of a VPP. In every 
modelled scenario (Table 4), a carbon handprint was generated. 
The share of renewable energy should be near 100% in balanced 
markets, when the handprint is not formed for VPP. In other 
words, utilizing the VPP results in GHG reductions compared with 
the studied baseline scenarios. The highest handprint is formed 
in Scenario 2, even when compared with Scenario 4, in which the 
extra handprint from system expansion is included. Then again, 
if the CO2 intensity of the average grid mix would be similar to 
the energy production of the baseline in Scenario 2, the formed 
handprint in Scenario 4 would be many times higher than that of 
Scenario 2. In addition, when the energy used for grid balancing 
consists solely of renewable energy sources, the system expansion 
can be a decisive factor for handprint formation. Thus, depending 
on the used energy source to provide grid balancing reserve power 
or the energy palette in the grid, the greatest GHG reduction po-
tential can come either from reducing the need to balance the grid 
via VPP or from the extra renewables that the VPP enables.

As Fig. 5 shows, the carbon handprint is the highest in 
Scenario 2, namely 3 918 kg CO2-eq h

–1 or 98% in the studied case. 
In Scenarios 1 and 3, the carbon footprints of the baseline are 
significantly lower because of the higher share of hydro power; 
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Fig. 4: System expansion for considering the possible renewable-energy increase due to implementation of VPP in Scenario 4. Dashes in arrows show 
that renewables can also cause GHG emissions in similar phases than non-renewables, but not necessarily.
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nevertheless, carbon handprints are formed. In Scenario 1, the 
provider of the VPP can communicate handprints of 634 kg CO2-eq 
h–1 or 87%, and in Scenario 3, 196 kg CO2-eq h

–1 or 68%.
Fig. 6 illustrates the results from Scenario 4. In Scenario 4, the 

carbon footprint of the baseline consists of two separate carbon 
footprints: the carbon footprint of balancing energy of 5 MWh 
and the carbon footprint of electricity production without wind 
energy. Hence, the total carbon footprint in Scenario 4 is 3854 kg 
CO2-eq h–1. In the offered solution, including the VPP, the total 
carbon footprint is 233 kg CO2-eq h

–1. Consequently, a handprint of 
3 621 kg CO2-eq h

–1 or 94% can be communicated in this scenario.

2.1  Sensitivity analysis
As the emissions of VPP consist solely of emissions from battery 
systems, the GWP of the VPP also halves when the capacity of the 
batteries halves (Table 5). As a result, the VPP will have a hand-
print even if only hydropower is used for grid balancing. However, 
if the number of cycles of batteries is low, at only 0.5 times per day, 
the GWP of VPP is almost doubled. If the cycles are four times per 
day, the GWP of the VPP is decreased by ~80%. Thus, the highest 
sensitivity to VPP is related to how the batteries are used rather 
than the capacity of the batteries in the studied sensitivities.

3  Discussion
In this paper, we showed how the GHG emission reductions of a 
DR solution can be estimated by using a VPP as a case example 
with the Finnish electricity grid. Our results show that a signifi-
cant reduction in GHG emissions is possible, especially if the grid 
system uses a high share of fossil-based energy generation for 
grid balancing. This information might become increasingly rele-
vant because it has been shown that a high share of wind en-
ergy in the grid is not as sufficient for emission reduction than 
thought when the grid is balanced by energy derived from fossil 
fuels [68]. Most of the energy sources used are already low-carbon 
in Finnish energy systems; thus, different grid systems can result 
in higher handprints than in modelled scenarios. Additionally, as 
the results show, VPPs may enable an increase in the use of re-
newable electricity by providing balanced electricity to the grid, 
generating indirect emission reductions. The results further out-
line the importance of using the carbon handprint approach in 
these types of systems, where potential emission savings are 
from a use-phase of the service or product, because typical LCA 
studies do not estimate emissions savings via product substitu-
tion with guidelines on how to determine a comparable system 
[69].

Table 4: GWPs (kgCo2-eq h
–1) of grid systems and handprints of different systems

System Baseline in different scenarios VPP Handprint

Scenario 1 728 94 634

Scenario 2 4012 94 3918

Scenario 3 290 94 196  

System expansion Baseline in different scenarios VPP Handprint from extra wind energy Total handprint

Scenario 4 728 94 2988 3622
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Fig. 5: Carbon footprints and carbon handprints of three studied scenarios
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3.1  Validity and generalization
The possible errors of the results are related to assumptions 
due to limited public information on energy generation for grid 
balancing, historical data about how the VPP functions and the 
upscaling of the case example. Hence, the GWP was modelled 
based on energy generation per hour. The hourly based model-
ling does not require historical data on how the VPP functions 
in grid balancing markets, such as the annual GWP estimation, 
which improves the validity. Similarly, there is a validity issue 
related to the use of historical data of the number of cycles in 
batteries in VPP per day, and the usage of different emission fac-
tors of batteries used in this study as the used data for the GWP 
of different commercially available battery systems are from a 
single literature source. To improve the validity, the impact on 
GWP caused by the number of cycles and battery capacity were 
examined in the sensitivity analysis. By modelling different 
scenarios and sensitivities of two key factors affecting the GWP 
of the VPP, the handprints show how to model the impacts of DR 
solutions and what factors increase the validity of the results. 
By using the emission factors of different grid systems and cal-
culating the GWP of production of a DR solution, the introduced 
example can be used to estimate emission reductions of other 
DR solutions in different grid systems than that presented. In 
addition, because the technology of VPPs can be implemented 
in all developed grid systems that are smart, there is a major 
potential for scaling-up, which can result in emission savings 
worldwide.

The handprint formation in Scenario 4 via the increase in wind 
energy should be viewed with caution. Although the assumptions 
made in Scenario 4 are justified, determining whether the specific 
DR solution enables a certain amount of renewable energy to in-
crease in the grid is difficult. However, when estimating the im-
pacts at a systemic level for several DR solutions simultaneously 
or when the capacity of a solution is significantly higher than that 
studied, the approach in Scenario 4 becomes relevant.

In this study, we assumed that the buildings already had VFD 
equipment for managing the installed HVAC systems; thus, the 
equipment was not considered in the models. An argument could 
be made that the main reason for installing the VFD is not to join 
the VPP platform, because they are typically installed afterwards 
to conserve energy [70, 71]. However, if the VFDs are installed to 
join the VPP platform, an assumption can be that the handprint 
for the building increases more than the GHG emissions caused 
by the manufacturing and installation of the VFD equipment due 
to energy savings. In addition, if the number of buildings and/or 
other DR solutions drastically increases in the VPP platform, the 
operation of the VPP can become relatively energy-consuming. In 
this case, the energy consumption of the servers should be in-
cluded in the handprint calculations.

3.2  Communication of the handprint
The idea of the handprint is to communicate the potential emis-
sion reduction for the customer when providing a service or a 
product, not to calculate the absolute footprints of the BAU. Thus, 
it is important to know how to properly communicate the hand-
print. According to the handprint guidelines, the provider of the 
offered solution may communicate handprints [55]. However, in 
the case study, the provider of the VPP is not straightforward be-
cause several actors are involved, and all of them are necessary 
to ensure the function of the VPP in the electricity market. For ex-
ample, in the case study, the owner of the buildings, the provider 
of the VPP technology, the operator (of the VPP) in the electricity 
market and the transmission system operator are significant 
stakeholders of the system. Kasurinen et al. [72] recommended 
that the carbon handprint be transparently communicated for 
each customer and function. They also concluded that shared 
handprints are possible in system-level examinations. In our 
study, the actors ensuring the function of the VPP are the oper-
ators of the VPP, the technology provider and the grid provider, 
who can communicate the total handprint of all connected cap-
acities given the customer remains the same. The other actors, 
such as the separate building owners that are a part of the VPP, 
can only gain the handprint based on their capacity and emis-
sions delivered from their equipment when communicating the 
handprint to the transmission system operator, and the actor 
provides added value to the emission reduction in a studied 
value chain. However, if the customer for the building owner 
would be a VPP, the handprint must be recalculated. In that case, 
the operational environment defining the baseline is different, 
which highly impacts the handprint formation. The transparent 
evaluation of the potential handprint for every actor involved  
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Fig. 6: Carbon footprints and carbon handprints in Scenario 4. 
Carbon footprints and handprints includes the emissions and avoided 
emissions from grid balancing and energy generation.

Table 5: Sensitivity of the capacity of the battery system and the intensity of cycles of charges and releases of batteries per day

 The average 
GWP for VPP 

Maximum capacity of 
batteries decreased 

Number of cycles 
is 0.5 times per day 

Number of cycles is 
four times per day 

VPP (GWP 
kgCO2-eq h

–1)
94 47 170 19
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separately is important to ensure correctness in the calculations 
and communications.

3.3  Further research and limitations
The handprint calculation of the case example was based on a 
theoretical situation in which the VPP was upscaled to fit into 
balancing markets. In further research, if historical data on VPP 
with energy generation sources exist in balancing markets in 
Finland, calculating the annual energy savings derived from the 
VPP is possible. In this case, using primary data to model a more 
valid baseline for calculating GHG emission reduction potentials 
can be done when estimating future investments in different DR 
solutions. In addition, this study used only battery and building 
HVAC systems to form a VPP. As shown in Fig. 1, including sev-
eral different DR solutions than those studied in the VPP plat-
form is possible and might require a different approach when 
modelling the impacts of VPP. For instance, if the DR solution is 
designed solely to function in a VPP, the lifetime impact of the 
DR solution should be wholly included in the model.

In the future, with building modernization, energy efficiency 
improvements make including more buildings into VPPs pos-
sible, and because the VPP is scalable into different grid systems 
in different regions, investigating emission reduction potential 
savings in different regions is of interest. The emission reduction 
potential can be much higher than that of the studied system 
in areas with high fossil-based energy generation for grid 
balancing, such as regions with low hydro storage capacities.

This study focused on GHG emission evaluation by using the 
carbon handprint approach, although the energy sector contrib-
utes to several impact categories, such as water and land use. 
Hence, further research should attempt to recognize and evaluate 
other possible impact categories and possible reduction poten-
tials in these categories. The literature has shown that the hand-
print approach can also be used to evaluate impact categories 
other than GHG emissions [55].

4  Conclusions
According to our study, VPPs may enable greenhouse gas reductions 
and help mitigate climate change. However, the magnitude of re-
duction is highly dependent on the studied grid system, especially 
sources of electricity production, i.e. if the system is balanced using 
fossil fuel-based generation, VPPs may reduce the emissions signifi-
cantly, whereas if the system can be balanced using low emission 
generation such as hydropower, the emission reduction potential is 
smaller. The higher the share of fossil fuels in the baseline system, 
the higher the GHG emission reduction potential when the VPP is 
included. Our study shows that potential GHG reductions of de-
mand–response solutions can be assessed using the carbon hand-
print approach, which provides valuable information for further 
studies of GHG reduction potential calculations for VPPs and other 
DR solutions. Our results show that the significant emission reduc-
tion potential of VPPs can also help provide insights into the rele-
vance of DR solutions in climate change mitigation. Additionally, 
our study helps DR providers understand their role in reducing GHG 
emissions in the energy sector and encouraging consumers, com-
panies and property management to implement VPPs.

Acknowledgements
This work was supported by European Regional Development 
Fund for providing funding for project Smart Specialisation 

University Campus – S3UNICA (Subsidy contract no PGI06201). 
The authors thank the SYK personnel for helping with the VPP-
related discussion.

Author contributions
Jani Sillman:

Conceptualization; Formal analysis; Investigation; Writing—
Original Dr; Writing—Review & Editing; Visualization;

Laura Lakanen:
Conceptualization; Formal analysis; Investigation; Writing—

Original Draft; Writing—Review & Editing; Visualization
Salla Annala:
Validation; Writing—Original Draft
Kaisa Grönman:
Validation; Writing—Review & Editing
Mika Luoranen:
Conceptualization; Supervision; Funding acquisition
Risto Soukka:
Conceptualization; Supervision

Conflict of interest
None declared.

Data availability
The data underlying this article cannot be shared publicly, be-
cause some of the data used for modelling (LCA software GaBi 
10.5) were provided by third party under licence.

References
[1] IEA. World Energy Outlook. 2021. https://www.iea.org/

topics/world-energy-outlook (7 December 2021, date last 
accessed).

[2] British Petroleum. Statistical Review of World Energy. Statistical 
Review of World Energy—All Data, 1965-2021. 2022. https://www.
bp.com/en/global/corporate/energy-economics/statistical-
review-of-world-energy.html  (20 March 2023, date last 
accessed).

[3] Aghahosseini A, Bogdanov D, Breyer C. Towards sustainable 
development in the MENA region: analysing the feasibility of 
a 100% renewable electricity system in 2030. Energy Strategy 
Reviews, 2020, 28:100466.

[4] Bogdanov D, Gulagi A, Fasihi M, et al. Full energy sector tran-
sition towards 100% renewable energy supply: integrating 
power, heat, transport and industry sectors including desalin-
ation. Appl Energy, 2021, 283:116273.

[5] Bouckaert S, Mazauric V, Maïzi N. Expanding renewable en-
ergy by implementing demand response. Energy Procedia, 2014, 
6:1844–1847.

[6] Wang J, Zhong H, Ma Z, et al. Review and prospect of integrated 
demand response in the multi-energy systems. Appl Energy, 
2017, 202:772–782.

[7] Gandoman FH, Ahmadi A, Sharaf AM, et al. Review of FACTS 
technologies and applications for power quality in smart grids 
with renewable energy systems. Renew Sustain Energy Rev, 2018, 
82:502–514.

[8] Mathiesen BV, Lund H, Connolly D, et al. Smart energy systems 
for coherent 100% renewable energy and transport solutions. 
Appl Energy, 2015, 145:139–154.

D
ow

nloaded from
 https://academ

ic.oup.com
/ce/article/7/4/755/7234274 by guest on 06 February 2024

https://www.iea.org/topics/world-energy-outlook
https://www.iea.org/topics/world-energy-outlook
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html


Evaluation of greenhouse gas emission reduction potential of a demand–response solution | 765

[9] El-Hawary ME. The smart grid—state-of-the-art and future 
trends. Electr Power Compon Syst, 2013, 42:239–250.

[10] The European Committee for Standardization. Smart Grids 
and Meters. 2020. https://www.cencenelec.eu/areas-of-work/
cen-cenelec-topics/smart-grids-and-meters/smart-grids/ (20 
March 2023, date last accessed).

[11] Fan X, Liu B, Liu J, et al. Battery technologies for grid-level large-
scale electrical energy storage. Transactions of Tianjin University, 
2020, 26:92–103.

[12] Buttler A, Spliethoff H. Current status of water electrolysis for 
energy storage, grid balancing and sector coupling via power-
to-gas and power-to-liquids: a review. Renew Sustain Energy Rev, 
2018, 82:2440–2454.

[13] Wang L, Zhang Y, Pérez-Fortez M, et al. Reversible solid-oxide 
cell stack based power-to-x-to-power systems: comparison of 
thermodynamic performance. Appl Energy, 2020, 275:115330.

[14] Vedullapalli DT, Hadidi R, Schroeder B. Combined HVAC and 
battery scheduling for demand response in a building. IEEE 
Trans Ind Appl, 2019, 55:7008–7014.

[15] Abbasi MH, Taki M, Rajabi A, et al. Coordinated operation of 
electric vehicle charging and wind power generation as a vir-
tual power plant: a multi-stage risk constrained approach. 
Appl Energy, 2019, 239:1294–1307.

[16] Wang H, Riaz S, Mancarella M. Integrated techno-economic 
modeling, flexibility analysis, and business case assess-
ment of an urban virtual power plant with multi-market 
co-optimization. Appl Energy, 2020, 259:114142.

[17] Royapoor M, Pazhoohesh M, Davison PJ, et al. Building as a vir-
tual power plant, magnitude and persistence of deferrable loads 
and human comfort implications. Energy Build, 2020, 213:109794.

[18] Rotger-Griful S, Jacobsen RH, Nguyen D, et al. Demand response 
potential of ventilation systems in residential buildings. Energy 
Build, 2016, 121:1–10.

[19] Fingrid. Balancing energy and balancing capacity markets. 
2021. https://www.fingrid.fi/en/electricity-market/reserves_
and_balancing/balancing-energy-and-balancing-capacity-
markets/ (19 August 2021, date last accessed).

[20] Misconel S, Zöphel C, Möst D. Assessing the value of demand 
response in a decarbonized energy system: a large-scale model 
application. Appl Energy, 2021, 299:117326.

[21] Milovanoff A, Dandres T, Gaudreault C, et al. Real-time envi-
ronmental assessment of electricity use: a tool for sustainable 
demand-side management programs. Int J Life Cycle Assess, 
2018, 23:1981–1994.

[22] Stoll P, Brandt N, Nordström L. Including dynamic CO2 inten-
sity with demand response. Energy Policy, 2014, 65:490–500.

[23] Earles JM, Halog A. Consequential life cycle assessment: a re-
view. Int J Life Cycle Assess, 2011, 16:445–453.

[24] Ekvall T. Attributional and consequential life cycle assess-
ment. In: Bastante-ceca MJ, Fuentes-Bargues L, Hufnagel L, et 
al. (eds). Sustainability Assessment at the 21st Century. London: 
IntechOpen, 2020, 41–58.

[25] Bamber N, Turner I, Arulnathan V, et al. Comparing sources 
and analysis of uncertainty in consequential and attribu-
tional life cycle assessment: review of current practice and 
recommendations. Int J Life Cycle Assess, 2019, 25:168–180.

[26] Heimersson S, Svanström M, Ekvall T. Opportunities of conse-
quential and attributional modelling in life cycle assessment 
of wastewater and sludge management. J Clean Prod, 2019, 
222:242–251.

[27] Ekvall T, Weidema BP. System boundaries and input data in 
consequential life cycle inventory analysis. Int J Life Cycle 
Assess, 2004, 3:161–171.

[28] Sillman J, Uusitalo V, Tapanen T, et al. Contribution of honeybees 
towards the net environmental benefits of food. Science of Total 
Environment, 2020, 756:143880.

[29] Grönman K, Pajula T, Sillman J, et al. Carbon handprint: an 
approach to assess the positive climate impacts of products 
demonstrated via renewable diesel case. J Clean Prod, 2019, 
206:1059–1072.

[30] Pajula T, Vatanen S, Pihkola H, et al. Carbon Handprint Guide. 
2018. https://www.vtt.fi/sites/handprint/PublishingImages/
Carbon_Handprint_Guide.pdf (20 August 2021, date last 
accessed).

[31] Alvarenga RA, Huysveld S, Taelman SE, et al. A framework for 
using the handprint concept in attributional life cycle (sus-
tainability) assessment. J Clean Prod, 2020, 265:121743.

[32] Biemer J, Dixon W, Blackburn N. Our environmental hand-
print: the good we do. In: 2013 1st IEEE Conference on Technologies 
for Sustainability (SusTech), Portland, USA, 1–2 August 2013, 
146–153.

[33] Guillaume JHA, Sojamo S, Porkka M, et al. Giving legs to hand-
print thinking: foundations for evaluating the good we do. 
Earth’s Future, 2020, 8:e2019EFe001422.

[34] Kühnen M, Silva S, Beckmann J, et al. Contributions to the 
sustainable development goals in life cycle sustainability 
assessment: insights from the Handprint research project. 
NachhaltigkeitsManagementForum | Sustainability Management 
Forum, 2019, 27:65–82.

[35] Norris G. Handprint-Based NetPositive Assessment. Sustainability 
and Health Initiative for NetPositive Enterprise (SHINE), Center 
for Health and the Global Environment, Harvard T. H. Chan 
School of Public Health. 2015. https://hwpi.harvard.edu/files/
chge/files/handprint-based_netpositive_assessment.pdf. (21 
February 2023, date last accessed).

[36] ISO. ISO 14067:2018, Greenhouse Gases: Carbon Footprint of 
Products: Requirements and Guidelines for Quantification. 2018. 
https://www.iso.org/standard/71206.html (2 March 2023, date 
last accessed).

[37] Ullah Z, Mokryani G, Campean F, et al. Comprehensive review 
of VPPs planning, operation and scheduling considering the 
uncertainties related to renewable energy sources. IET Energy 
Systems Integration, 2019, 1:147–157.

[38] Yu S, Fang F, Liu Y, et al. Uncertainties of virtual power plant: 
problems and countermeasures. Appl Energy, 2019, 239:454–470.

[39] Ran F, Gao D-c, Zhang X, et al. A virtual sensor based self-ad-
justing control for HVAC fast demand response in commercial 
buildings towards smart grid applications. Appl Energy, 2020, 
269:115103.

[40] Yoon A-Y, Kim Y-J, Zakula T, et al. Retail electricity pricing via 
online-learning of data-driven demand response of HVAC sys-
tems. Appl Energy, 2020, 265:114771.

[41] Elgamal AH, Kocher-Oberlehner G, Robu V, et al. Optimization 
of a multiple-scale renewable energy-based virtual power 
plant in the UK. Appl Energy, 2019, 256:113973.

[42] SYK. Yliopistojen ja Suomen Yliopistokiinteistöt Oy:n 
virtuaalivoimalaitos käynnistyy 2020. 2020. https://sykoy.fi/
blog/2020/09/08/yliopistojen-ja-suomen-yliopistokiinteistot-
oyn-virtuaalivoimalaitos-kaynnistyy/ (22 August 2021, date 
last accessed).

[43] Sello. 2 500 aurinkopaneelia ja Pohjois-Euroopan suurin kiinteistöön 
sulautettu sähkövarasto: Sellon energiajärjestelmä tuo säästöjä 
koko yhteiskunnalle 2019. 2019. https://www.sello.fi/info/
ajankohtaista/2-500-aurinkopaneelia-ja-pohjois-euroopan-
suurin-kiinteistoon-sulautettu (22 August 2021, date last 
accessed).

D
ow

nloaded from
 https://academ

ic.oup.com
/ce/article/7/4/755/7234274 by guest on 06 February 2024

https://www.cencenelec.eu/areas-of-work/cen-cenelec-topics/smart-grids-and-meters/smart-grids/
https://www.cencenelec.eu/areas-of-work/cen-cenelec-topics/smart-grids-and-meters/smart-grids/
https://www.fingrid.fi/en/electricity-market/reserves_and_balancing/balancing-energy-and-balancing-capacity-markets/
https://www.fingrid.fi/en/electricity-market/reserves_and_balancing/balancing-energy-and-balancing-capacity-markets/
https://www.fingrid.fi/en/electricity-market/reserves_and_balancing/balancing-energy-and-balancing-capacity-markets/
https://www.vtt.fi/sites/handprint/PublishingImages/Carbon_Handprint_Guide.pdf
https://www.vtt.fi/sites/handprint/PublishingImages/Carbon_Handprint_Guide.pdf
https://hwpi.harvard.edu/files/chge/files/handprint-based_netpositive_assessment.pdf
https://hwpi.harvard.edu/files/chge/files/handprint-based_netpositive_assessment.pdf
https://www.iso.org/standard/71206.html
https://sykoy.fi/blog/2020/09/08/yliopistojen-ja-suomen-yliopistokiinteistot-oyn-virtuaalivoimalaitos-kaynnistyy/
https://sykoy.fi/blog/2020/09/08/yliopistojen-ja-suomen-yliopistokiinteistot-oyn-virtuaalivoimalaitos-kaynnistyy/
https://sykoy.fi/blog/2020/09/08/yliopistojen-ja-suomen-yliopistokiinteistot-oyn-virtuaalivoimalaitos-kaynnistyy/
https://www.sello.fi/info/ajankohtaista/2-500-aurinkopaneelia-ja-pohjois-euroopan-suurin-kiinteistoon-sulautettu
https://www.sello.fi/info/ajankohtaista/2-500-aurinkopaneelia-ja-pohjois-euroopan-suurin-kiinteistoon-sulautettu
https://www.sello.fi/info/ajankohtaista/2-500-aurinkopaneelia-ja-pohjois-euroopan-suurin-kiinteistoon-sulautettu


766 | Clean Energy, 2023, Vol. 7, No. 4

[44] Fingrid. Electricity market. 2021. https://www.fingrid.fi/en/
electricity-market/ (22 August 2021, date last accessed).

[45] Härkönen K, Hannola L, Lassila J, et al. Assessing the elec-
tric demand-side management potential of Helsinki’s public 
service building stock in ancillary markets. Sustainable Cities 
and Society, 2022, 76:103460.

[46] Fingrid. Reserve products and reserve market places: balancing 
electricity consumption and production. 2019. https://www.
fingrid.fi/globalassets/dokumentit/en/electricity-market/re-
serves/reserve-products-and-reserve-market-places.pdf (22 
August 2021, date last accessed).

[47] Fingrid. Reserves and balancing power. 2021. https://
www.fingrid.f i/en/electricity-market/reserves_and_
balancing/#reserve-products (22 August 2021, date last 
accessed).

[48] Wang H, Wang S, Tang R. Development of grid-responsive 
buildings: opportunities, challenges, capabilities and 
applications of HVAC systems in non-residential buildings 
in providing ancillary services by fast demand responses to 
smart grids. Appl Energy, 2019, 250:697–712.

[49] Müller M, Viernstein L, Truong CN, et al. Evaluation of grid-
level adaptability for stationary battery energy storage system 
applications in Europe. J Storage Mater, 2017, 9:1–11.

[50] Norris GA, Burek J, Moore EA, et al. Sustainability Health 
Initiative for NetPositive Enterprise handprint methodological 
framework. Int J Life Cycle Assess, 2021, 26:528–542.

[51] Burec J, Bauer C, Moore E. Assessing handprint potentials 
for business’s eco-innovation. Sustainable Production and 
Consumption, 2022, 29:201–214.

[52] Zhao X, Huning AJ, Burek J, et al. The pursuit of net-positive sus-
tainability for industrial decarbonization with hybrid energy 
systems. J Clean Prod, 2022, 362:132349.

[53] United Nations. Transforming Our World: The 2030 Agenda 
for Sustainable Development. A/RES/70/1. 2015. https://sdgs.
un.org/2030agenda (accessed 21 February 2023).

[54] Mission Innovation. The Avoided Emissions Framework (AEF). 
2020 https://www.misolutionframework.net/Framework_
Documents (accessed 21 February 2023).

[55] Pajula T, Vatanen S, Behm K, et al. Carbon Handprint Guide 
V. 2.0. Applicable for Environmental Handprint. 2021. https://
publications.vtt.fi/julkaisut/muut/2021/Carbon_handprint_
guide_2021.pdf  (20 August 2021, date last accessed).

[56] Lakanen L, Grönman K, Väisänen S, et al. Applying the hand-
print 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.

[57] Institute of Environmental Sciences (CML), University of 
Leiden. CML-IA Characterisation Factors. 2016. https://www.
universiteitleiden.nl/en/research/research-output/science/
cml-ia-characterisation-factors (2 March 2023, date last 
accessed).

[58] Fingrid. Volume and price of balancing energy. 2021. https://
www.fingrid.fi/en/electricity-market/electricity-market-
information/reserve-market-information/balancing-power-
price/ (19 August 2021, date last accessed).

[59] Fingrid. Reservimarkkinat. 2021. https://www.fingrid.fi/sivut/
ajankohtaista/fingridin-tapahtumat/reservipaivat/ (19 August 
2021, date last accessed).

[60] Holttinen H, Meibom P, Orths A, et al. Impacts of large amounts 
of wind power on design and operation of power systems, 
results of IEA collaboration. Wind Energy, 201114:79–192.

[61] Holttinen H, Kiviluoma J, Robitaille A, et al. Design and operation 
of power systems with large amounts of wind power: final summary 
report, IEA WIND Task 25, Phase Two 2009-2011. Helsinki: VTT, 
2013.

[62] Kiviluoma J, Meibom P. Influence of wind power, plug-in elec-
tric vehicles, and heat storages on power system investments. 
Energy, 2010, 35:1244–1255.

[63] IEA wind. IEA Wind: Technology Collaboration programme: an-
nual report. 2017. https://www.vttresearch.com/sites/default/
files/pdf/technology/2012/T75.pdf (19 August 2021, date last 
accessed).

[64] Marques P, Garcia R, Kulay L, et al. Comparative life cycle 
assessment of lithium-ion batteries for electric vehicles 
addressing capacity fade. J Clean Prod, 2019, 229:787–794.

[65] Peters J, Buchholz D, Passerini S, et al. Life cycle assessment 
of sodium-ion batteries. Energy & Environmental Science, 2016, 
9:1744–1751.

[66] Zackrisson M, Fransson K, Hildenbrand J, et al. Life cycle as-
sessment of lithium-air battery cells. J Cleaner Production, 2016, 
135:299–311.

[67] Varlet TL, Schmidt O, Gambhir A, et al. Comparative life cycle 
assessment of lithium-ion battery chemistries for residential 
storage. J Storage Mater, 2020, 28:101230.

[68] Emblemsvåg J. Wind energy is not sustainable when balanced 
by fossil energy. Appl Energy, 2022, 305:117748.

[69] Zamagni A, Guinée J, Heijungs R, et al. Lights and shadows in 
consequential LCA. Int J Life Cycle Assess, 2012, 17:904–918.

[70] Rathikrindi KS, Paramasivam S, Sandeep L. Energy saving 
opportunities through variable frequency drive for commer-
cial air conditioners. In: 2018 4th International Conference on 
Electrical Energy Systems (ICEES), Chennai, India, 7–9 February 
2018, 338–340.

[71] Dusa RR, Auti A, Rachabhattuni VM. Effective use of existing 
efficient variable frequency drives (VFD) technology for HVAC 
systems: consultative research case studies. In: Bose M, Modi 
A (eds). Proceedings of the 7th International Conference on Advances 
in Energy Research. Singapore: Springer Proceedings in Energy, 
Springer, 2020, 1175–1184.

[72] Kasurinen H, Vatanen S, Grönman K, et al. Carbon handprint: 
potential climate benefits of a novel liquid-cooled base station 
with waste heat reuse. Energies, 2019, 12:4452.

D
ow

nloaded from
 https://academ

ic.oup.com
/ce/article/7/4/755/7234274 by guest on 06 February 2024

https://www.fingrid.fi/en/electricity-market/
https://www.fingrid.fi/en/electricity-market/
https://www.fingrid.fi/globalassets/dokumentit/en/electricity-market/reserves/reserve-products-and-reserve-market-places.pdf
https://www.fingrid.fi/globalassets/dokumentit/en/electricity-market/reserves/reserve-products-and-reserve-market-places.pdf
https://www.fingrid.fi/globalassets/dokumentit/en/electricity-market/reserves/reserve-products-and-reserve-market-places.pdf
https://www.fingrid.fi/en/electricity-market/reserves_and_balancing/#reserve-products
https://www.fingrid.fi/en/electricity-market/reserves_and_balancing/#reserve-products
https://www.fingrid.fi/en/electricity-market/reserves_and_balancing/#reserve-products
https://sdgs.un.org/2030agenda
https://sdgs.un.org/2030agenda
https://www.misolutionframework.net/Framework_Documents
https://www.misolutionframework.net/Framework_Documents
https://publications.vtt.fi/julkaisut/muut/2021/Carbon_handprint_guide_2021.pdf
https://publications.vtt.fi/julkaisut/muut/2021/Carbon_handprint_guide_2021.pdf
https://publications.vtt.fi/julkaisut/muut/2021/Carbon_handprint_guide_2021.pdf
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors
https://www.fingrid.fi/en/electricity-market/electricity-market-information/reserve-market-information/balancing-power-price/
https://www.fingrid.fi/en/electricity-market/electricity-market-information/reserve-market-information/balancing-power-price/
https://www.fingrid.fi/en/electricity-market/electricity-market-information/reserve-market-information/balancing-power-price/
https://www.fingrid.fi/en/electricity-market/electricity-market-information/reserve-market-information/balancing-power-price/
https://www.fingrid.fi/sivut/ajankohtaista/fingridin-tapahtumat/reservipaivat/
https://www.fingrid.fi/sivut/ajankohtaista/fingridin-tapahtumat/reservipaivat/
https://www.vttresearch.com/sites/default/files/pdf/technology/2012/T75.pdf
https://www.vttresearch.com/sites/default/files/pdf/technology/2012/T75.pdf

