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The thesis focuses on integrated energy management strategies for microgrid systems, and
constructs an off-grid energy system that includes photovoltaic, wind, heat pump, boiler and
energy storage. The energy systems in Tianjin and Finland are modelled and optimised using
HOMER Pro software, taking into account the differences in load characteristics and
renewable energy availability under different climatic conditions. Through the comparative
analysis of system configuration, operation mode and economic performance, the paths to
achieve stable energy supply and sustainable development in different regions are evaluated.
The study shows that microgrids have good regional adaptability and expandability, and
provide a reference for the optimisation of energy systems in different regions.
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1 Introduction

In the context of global energy transition, microgrids, as a new type of energy system, are
gradually being promoted and applied.(Wallsgrove, et al., 2021, 14(6), p.1687) Compared
with traditional centralised energy supply methods, microgrids can achieve localised power
generation and energy use, which is particularly suitable for remote areas or off-grid
scenarios. By organically integrating multiple forms of energy, such as wind, solar, gas
boilers and heat pumps, microgrids can simultaneously satisfy electricity and heat demand,
improve energy use efficiency and reduce carbon emissions.(Wallsgrove, et al., 2021, 14(6),
p.1687)
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Figure 1.Schematic diagram of a microgrid

However, due to the intermittent and unstable nature of wind and solar energy, microgrids
face challenges in energy fluctuations and load balancing during operation. (Saeed, et al.,
2021,pp.166502-166517) Therefore, it is critical to develop an effective energy management
and control strategy. The objective of this study is to build a microgrid system containing
wind power, photovoltaic, gas boiler (using waste heat) and heat pump, and to design a

reasonable control strategy to achieve energy storage optimisation, demand response and



load regulation, which will keep the system stable and highly efficient even when it is
operated off-grid.(Belabbas, et al., 2019, pp.355-384)

By utilising the regulation capability of the waste heat from the gas boiler, the system can
better coordinate the relationship between renewable energy and heat load.(Erixno, et al.,
2022, p.101944) Meanwhile, combined with HOMER Pro software for modelling and
simulation, this paper will analyse the system performance under different climatic
conditions (Tianjin and Finland), which will provide a theoretical basis and practical
reference for the construction of clean, efficient and sustainable microgrid systems in the

future.



2 Modelling software and methods

In this section, we introduce the modelling software used in this study, explain the modelling

approach, and describe the system setup and key parameters.

2.1 Introduction to the software

In this study, the microgrid system is modelled and simulated using HOMER Pro software,
a software dedicated to the design of microgrids and distributed energy systems, developed
by the National Renewable Energy Laboratory (NREL). The software supports the
combination of various energy forms, including wind, solar, gas power, heat pumps, energy
storage, etc., and is suitable for studying the operational characteristics of multi-energy
complementary systems.(Panhwar, et al., 2017, pp.270-276)

@
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@

Figure 2.Schematic diagram of the ‘Homer pro’ interface

Figure 2 shows the schematic diagram of Homer pro operation interface. The main reason
for choosing HOMER Pro is its powerful microgrid modelling capability and flexible control
strategy configuration. Homer pro supports the cooperative operation of different energy
systems under off-grid and grid-connected conditions, and is capable of comprehensively
analysing the system's economy, stability and environmental impact. Compared with general
energy modelling platforms such as TRNSYS, Homer pro has obvious advantages in
automatic optimisation of microgrid systems, power mix recommendation, and simplicity of

data input. In particular, it supports the import of meteorological data and typical load curves,
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which facilitates comparative analyses of system performance between Tianjin and Finland.

The relevant comparison is shown in Table 1.

Table 1.Comparison table between HOMER Pro and similar software

Feature / Software HOMER Pro TRNSYS EnergyPlus
Core Purpose Microgrid design Multi-energy Building energy
and optimization system simulation analysis
Off-grid System Excellent Supported Not supported
Support
Modeling Easy to use Moderate to Moderate
Complexity complex
Optimization Automatic energy | Partially supported Not supported
Capability optimization
Typical Microgrids, Energy control Building energy
Applications distributed energy strategies and HVAC

In summary, HOMER Pro can more comprehensively support the design and evaluation of
microgrid energy management strategies in this study, and is an important technical tool for

this project.

2.2 Modelling methods

Based on the electricity consumption data of a typical household in Tianjin, load curves are
set and random fluctuations are introduced to ensure that the model accurately reflects the

actual electricity demand.

The energy supply component includes solar photovoltaic and wind power generation to
meet electricity demand, combined with a gas boiler to provide thermal energy and waste
heat recovery to improve system efficiency. In addition, the energy storage system balances
fluctuations in renewable energy sources by optimising charging and discharging strategies

to ensure stable system operation.
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The control strategy uses a combination of load management and demand response to
optimise energy scheduling and improve system efficiency.(Veras, et al., 2018, p.3207.)
Finally, the economic and environmental impacts of the system under different energy
combinations are evaluated through simulation analysis in HOMER Pro, and the operating
characteristics of Tianjin and Finland are compared to optimise the control strategy and

enhance the sustainability and stability of the microgrid.

2.3 System structure setting

The microgrid system set up in this study contains wind power, photovoltaic power, gas
boiler, energy storage system and electrical loads. The study models typical household loads
in Tianjin and Finland respectively, in order to compare the performance differences

between the two microgrid systems and optimise the energy management strategies.

For energy supply, the system contains wind turbines and solar PV. The wind turbine
provides more power support in winter when the wind speed is higher, while the solar PV
operates mainly during the daytime to generate electricity from solar radiation resources.
However, the contribution of PV is lower in winter due to the short daylight hours in Finland,
whereas the PV system in Tianjin has a better capacity to generate electricity throughout the
year. In order to meet the additional heat demand, the system introduces a gas boiler and
combines it with waste heat recovery to improve the efficiency of heat utilisation, especially
for home heating during the cold season. The energy storage system uses lithium-ion
batteries to balance fluctuations in renewable energy sources and ensure a stable power
supply even when wind or photovoltaic power is insufficient. A power converter is used to
manage the conversion between AC and DC power to match the power requirements of

different components.

In terms of load setting, this study uses typical household load data from Tianjin and Finland
respectively for modelling. Household electricity loads in Tianjin exhibit morning and
evening peak characteristics, especially in summer when air-conditioning loads are high,

while electricity demand is more stable in winter due to centralised heating. In contrast,
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household electricity demand in Finland is more influenced by winter heating demand,
especially during the heating season when the load increases significantly. Due to the short
daylight hours in winter in Finland, the system may be more reliant on wind energy and

energy storage, whereas the system in Tianjin can utilise PV in a more balanced way.

2.4 Data Input and Scenario Setting

Based on the different climatic and energy use characteristics of Tianjin and Finland, the
corresponding input data and simulation scenarios are set up in HOMER Pro. In terms of
meteorological data, Tianjin has more sunshine throughout the year and higher wind speeds
in winter, which is suitable for the combined use of PV and wind power, while Finland has
shorter sunshine hours in winter, which limits the capacity of PV power generation, but has
higher wind speeds, and wind power can provide a more stable energy supply in winter. In
addition, the temperature factor also affects the load characteristics, as the air conditioning
load in Tianjin is higher in summer, while the heating load in Finland is significantly higher
in winter, so the load data settings need to be adjusted in accordance with the actual situation

in the two places.

In terms of energy equipment parameter setting, the study selects appropriate technical
parameters for PV systems, wind turbines, gas boilers and energy storage systems according
to the resource conditions of the two places. For example, in Tianjin, a larger PV capacity is
set for the PV system, taking into account its higher sunshine resources, while in Finland,
the proportion of wind power generation tends to be increased due to lower solar radiation
in winter. The energy storage system uses lithium-ion batteries and optimises the charging
and discharging strategies with the load variations in different regions to balance the
fluctuations of renewable energy sources and improve the stability and self-sufficiency of

the system operation.

In addition, in order to assess the economics and feasibility of different energy combinations,
the study sets up several simulation scenarios, including a baseline scenario that relies only

on traditional energy sources, an optimisation scenario that focuses on renewable energy
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sources, and a hybrid scenario that integrates multiple energy sources. Through simulations
in HOMER Pro, the matching of energy supply and demand under different scenarios is
analysed, and the performance of the system in terms of economy, environmental impact
and operational stability is evaluated to optimise the energy management strategy of the

microgrid.



3 Microgrid system design (with Tianjin as an example)
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This part introduces the design of microgrid system in Tianjin as an example, including the

ideas and methods of system structure construction and main parameter setting.

3.1 Load

This study firstly investigated the use of electricity load data from a typical household in

Tianjin and analysed the electricity consumption patterns at different times of the year. To

ensure the reasonableness of the data, HOMER Pro software was used for simulation, and

the load curve was adjusted with the actual household electricity consumption.(Ding, et al.,

2018, pp.254-270.)

During the simulation, hourly load values were set to reflect the changes

electricity demand of the household, including base load and peak load

Hour January

0 0.090
1 0.080
2 0.070
3 0.070
4 0.300
5 0.480
6 0.600
7 0520
8 0.400
9 0420
10 0500
" 0550
12 0.600
13 0.550
14 0.500
15 0420
16 0.450
7 0500
18 0.650
19 0.700
20 0.750
21 0.700
22 0500
23 0.400

February
0.090
0.080
0.070
0.070
0300
0.480
0.600
0520
0.400
0420
0500
0550
0.600
0.550
0.500
0.420
0.450
0500
0.650
0.700
0.750
0.700
0500
0.400

March
0.080
0.070
0.070
0.060
0.280
0.450
0580
0500
0.380
0.400
0.480
0530
0580
0530
0.480
0.400
0.430
0.480
0.630
0.680
0730
0.680
0.480
0.380

April

0.080
0.070
0.070
0.060
0.280
0.450
0580
0500
0.380
0.400
0.480
0530
0580
0530
0.480
0.400
0.430
0.480
0.630
0.680
0730
0.680
0.480
0.380

May

0.080
0.070
0.070
0.060
0.280
0.450
0.580
0.500
0.380
0.400
0480
0.530
0.580
0.530
0480
0.400
0.430
0.480
0630
0.680
0.730
0.680
0.480
0.380

June
0.100
0.090
0.080
0.080
0.350
0.500
0.650
0.600
0.500
0.550
0.600
0.650
0.700
0.650
0.600
0.550
0.580
0.650
0.800
0.850
0.900
0.850
0.650
0.550

July

0.120
0.110
0.100
0.090
0.400
0.550
0.700
0.650
0.550
0.600
0.650
0.700
0.750
0.700
0.650
0.600
0.630
0.700
0.850
0.900
0.950
0.900
0.700
0.600

August
0.120
0.110
0.100
0.090
0.400
0.550
0.700
0.650
0.550
0.600
0.650
0.700
0750
0.700
0.650
0.600
0.630
0700
0.850
0.900
0.950
0.900
0.700
0.600

September
0.100
0.090
0.080
0.070
0.350
0.500
0.650
0.600
0.500
0.550
0.600
0.650
0.700
0.650
0.600
0.550
0.580
0.650
0.800
0.850
0.900
0.850
0.650
0.550

Figure 3.Weekdays Household Load Profile (kW)

October | November | December
0.090 0.090 0.090
0.080 0.080 0.080
0.070 0.070 0.070
0.060 0.060 0.070
0300 0300 0300
0.480 0.480 0.480
0.600 0.600 0.600
0550 0520 0520
0.450 0.400 0.400
0.500 0420 0420
0.550 0500 0.500
0.600 0550 0,550
0.650 0.600 0.600
0.600 0.550 0.550
0.550 0500 0500
0.500 0.420 0.420
0530 0.450 0.450
0.600 0500 0500
0750 0.650 0.650
0.800 0.700 0.700
0.850 0.750 0.750
0.800 0.700 0.700
0.600 0500 0500
0.500 0.400 0.400

in the daily
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Hour January February March April May June July August | September October | November December
0 0.090 0.090 0.080 0.080 0.080 0.100 0.120 0.120 0.100 0.090 0.090 0.090
1 0.080 0.080 0.070 0.070 0.070 0.090 0110 0.110 0.090 0.080 0.080 0.080
2 0.070 0.070 0.070 0.070 0.070 0.080 0.100 0.100 0.080 0.070 0.070 0.070
3 0.070 0.070 0.060 0.060 0.060 0.080 0.090 0.090 0.070 0.060 0.060 0.070
4 0.300 0.300 0.280 0.280 0.280 0350 0.400 0400 0350 0300 0.300 0.300
5 0.480 0.480 0.450 0.450 0.450 0.500 0.550 0.550 0.500 0.480 0.480 0.480
6 0.600 0.600 0.580 0.580 0.580 0.650 0.700 0.700 0.650 0.600 0.600 0.600
7 0.520 0.520 0.500 0.500 0.500 0.600 0.650 0.650 0.600 0.550 0.520 0.520
8 0.400 0.400 0.380 0.380 0.380 0.500 0.550 0.550 0.500 0.450 0.400 0.400
9 0.420 0.420 0.400 0.400 0.400 0.550 0.600 0.600 0.550 0.500 0420 0.420
10 0.500 0.500 0.480 0.480 0.480 0.600 0.650 0.650 0.600 0.550 0.500 0.500
n 0.550 0.550 0530 0530 0530 0.650 0.700 0.700 0.650 0.600 0.550 0.550
12 0.600 0.600 0.580 0.580 0.580 0.700 0.750 0.750 0.700 0.650 0.600 0.600
13 0.550 0.550 0530 0530 0.530 0.650 0.700 0.700 0.650 0.600 0.550 0.550
14 0.500 0.500 0.480 0.480 0.480 0.600 0.650 0.650 0.600 0.550 0.500 0.500
15 0.420 0.420 0.400 0.400 0.400 0.550 0.600 0.600 0.550 0.500 0.420 0.420
16 0450 0450 0430 0.430 0430 0.580 0630 0630 0580 0530 0450 0.450
17 0.500 0.500 0.480 0.480 0.480 0.650 0.700 0.700 0.650 0.600 0.500 0.500
18 0.650 0.650 0.630 0.630 0.630 0.800 0.850 0.850 0.800 0.750 0.650 0.650
19 0.700 0.700 0.680 0.680 0.680 0.850 0.900 0.900 0.850 0.800 0.700 0.700
20 0.750 0.750 0.730 0.730 0.730 0.900 0.950 0.950 0.900 0.850 0.750 0.750
21 0.700 0.700 0.680 0.680 0.680 0.850 0.900 0.900 0.850 0.800 0.700 0.700
22 0.500 0.500 0.480 0.480 0.480 0.650 0.700 0.700 0.650 0.600 0.500 0.500
23 0.400 0.400 0.380 0.380 0.380 0.550 0.600 0.600 0550 0.500 0.400 0.400

Figure 4.Weekends Household Load Profile (kW)

In addition, to be more realistic, Introduced a stochastic fluctuation parameter, setting the
range of daytime load variation to 10% and the range of time-step load variation to 20% to
simulate load fluctuations on different days and time periods.

Eventually, | generated load data for weekdays and weekends separately and imported them
into HOMER Pro for further optimisation analysis. This method not only simulates the
characteristics of household electricity consumption more accurately, but also provides
reliable basic data support for subsequent energy system optimisation.

3.2 Solar PV

In this study firstly I investigated and used the electricity load data of a typical household in
Tianjin to analyse the electricity consumption patterns at different times of the year. To
ensure the reasonableness of the data, | used the HOMER Pro software for simulation and

adjusted the load curves with the actual household electricity consumption.
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Derating Factor (%] 80.00 @
Figure 5.Tianjin Residential PV System

In this study, appropriate PV system parameters are selected to optimise the utilisation and
economics of renewable energy for the load demand of households in Tianjin, China.The
core parameters required for computational simulation in HOMER Pro include PV capacity,
capital cost, replacement cost, O&M cost, Lifetime and Derating Factor. The core
parameters required for HOMER Pro simulations are Capacity, Capital Cost, Replacement
Cost, O&M Cost, Lifetime, and Derating Factor. See figure 5.

For PV capacity, the average daily load of the household is 11.26 kWh/day, and the required

PV capacity is calculated assuming that the PV system has 4 hours of effective sunshine:

pyvC iy = Daily Load (1)
apacity = Sunlight Hours

The required PV capacity is calculated to be 2.8 KW by using Equation 1. 2 kW is selected
as the system configuration to ensure the stability of the power supply and to take into

account the possible fluctuation of the PV system's power generation.
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3.3 Converter

In this study, the photovoltaic power generation system uses direct current (DC) output,
while household loads mainly rely on alternating current (AC) power supply. Therefore, a
DC/AC converter is required to perform power conversion to ensure system compatibility
and stable operation. In addition, the converter can perform AC/DC conversion during bi-

directional energy flows (e.g. battery storage systems), thus optimising microgrid operation.

3.4 Wind power

Add/Remove Generic 3 kW

Remove
WIND TURBINE A Name: | Generic 3 kW Abbreviation: | G3
l Copy To Library
Properties Costs Quantity Optimization
. Capital | Replacement,  O&M . imi
Name: Generic 3 kW Quantity (' \ a $) ($/1 y HOMER Optimizer™
! ) {»/year) Search Space
Abbreviation: G3 1 $5,000.00 |$5,000.00 $180.00 X Advanced
Rated Capacity (kW): 3 Click here to add new item
Manufacturer: Generic Muttiplier @ @ @
Site Specific Input
Lifetime (years): 20.00 @ Hub Height (m): 17.00 @
| Consider ambient temperature effects? Electrical Bus
* AC DC
===

Figure 6.Tianjin Wind Power Data

Tianjin has some wind energy resources, especially in the autumn and winter seasons, and
wind power can be used as an effective supplement to PV, increasing the overall share of
renewable energy and reducing the reliance on batteries. 3 kW small wind turbines have
moderate output power, which makes them suitable for household-level microgrids, and they
can effectively provide supplemental power for the average daily load of Tianjin households
of 11.26 kWh/d to enhance the stability of the system.



Table 2 Average monthly wind speed in Tianjin

Month Average Wind Speed (m/s)
Jan 4.5
Feb 4.8
Mar 5.0
Apr 4.6
May 4.2
Jun 3.8
Jul 3.5
Aug 3.6
Sep 3.9
Oct 4.2
Nov 4.6
Dec 4.9

From the Table 2, it can be seen that the wind speed is higher in winter and lower in summer ,

showing a typical seasonal trend.The wind speed peaks in March to April , and the wind

18

speed is lowest in July to August, which suggests that the wind resources in Tianjin are

mainly concentrated in autumn and winter, while the wind is weaker in summer, which is

probably affected by the rise of temperature and atmospheric pressure distribution. This wind

speed characteristic suggests that in the Tianjin microgrid system, wind power can

effectively supplement PV power generation in winter, while it may be necessary to rely on

energy storage or other energy sources to supplement power supply in summer. This wind

speed distribution is conducive to increasing the proportion of renewable energy in the

microgrid, optimising the energy scheduling strategy, and improving the stability and

economy of the system.
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Table 3 Monthly Mean Temperature in Tianjin

Month Average Temperature (°C)
Jan -3
Feb 0
Mar 7
Apr 15
May 21
Jun 25
Jul 27
Aug 26
Sep 21
Oct 14
Nov 5
Dec -1

The distribution of average monthly temperatures in Tianjin shows clear seasonal variations,
characterised by cold winters and hot summers. The lowest temperature occurs in January
and the highest in July, indicating a higher heating demand in winter and a larger cooling
load demand in summer. Moderate temperatures and lower building loads in spring and
autumn are conducive to more efficient renewable energy use. In addition, temperature
variations have a direct impact on PV efficiency and wind energy characteristics: high
temperatures in summer may reduce PV efficiency, while low temperatures in winter

increase wind energy density, making wind power more advantageous in winter.

3.5 Boilers

Natural gas boilers are also incorporated into the system. The main reason for this is to
improve heating stability, especially to provide a reliable heat supply in winter when heating
demand is high and renewable energy sources (e.g. photovoltaic, wind) are insufficient.
Compared to traditional coal-fired boilers, natural gas boilers offer higher combustion
efficiency and lower carbon and pollutant emissions, which is in line with Tianjin's clean
heating policy in recent years and reduces reliance on coal. In addition, due to the low winter

temperatures in Tianjin, natural gas boilers can be used as an auxiliary heating method for
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ground source heat pumps or other renewable energy sources. See Figure 7 for data set on

the boiler.

BOILER  [§) —

o= Name: | Generic Boiler Abbreviation: = BOILER

Generic Boiler ¥ Copy To Library

Emissions
Efficiency (%): 8300 @ Carbon monoxide (g/m? of fuel): 0.05
Unburned hydrocarbons (g/m? of fuel): 0.001
Particulate matter (g/m? of fuel): 0
Proportion of sulfur converted to PM (g/m? of fuel): 0
Nitrogen oxides (g/m? of fuel): 05

SELECT FUEL: | Natural Gas ¥ || Manage Fuels PROPERTIES

Lower Heating Value (M/kg): 45

Density (kg/m3): 0.790
Carbon Content (%): 67
Sulfur Content (%): 0

Natural Gas Fuel Price (§/m): | 0.45 ®)

Figure 7.Boiler data setting parameters

3.6 Thermal loads

In order to simulate the use of the boiler | added a thermal load. At the same time | filled in

the relevant data that corresponds to Tianjin see the two graphs below.

Yearly Load Data

Weekdays Weekends

Hour | January | February = March April May June July August  September October November| December
0 0.131 0.128 0.120 0.109 0.098 0.090 0.087 0.090 0.098 0.109 0.120 0.128
1 0.114 0.111 0.105 0095 0,085 0079 0.076 0.079 0085 0,095 0105 0111
2 0.114 [IARNI 0.105 0.095 0.085 0.079 0.076 0.079 0.085 0.095 0.105 0111
3 0.114 0.111 0.105 0.095 0.085 0079 0.076 0.079 0.085 0.095 0.105 0111
4 0392 0.383 0.360 0327 0.204 0271 0.262 0.271 0294 0.327 0.360 0.383
5 0.600 0.585 0.550 0.500 0.450 0415 0.400 0.415 0.450 0.500 0.550 0.585
6 0.660 0.644 0.605 0.550 0.495 0.457 0.440 0.457 0.495 0.550 0.605 0.644
7 0.600 0.585 0.550 0.500 0.450 0415 0.400 0415 0.450 0.500 0.550 0.585
] 0.504 0.491 0.462 0420 0.378 0.349 0.336 0.349 0.378 0.420 0.462 0.491
9 0516 0.503 0.473 0430 0.387 0.357 0.344 0.357 0.387 0.430 0473 0.503
10 0.594 0.579 0.545 0.495 0.446 04n 0.39 04N 0.446 0.495 0.545 0.579
n 0.640 0.624 0.586 0533 0.480 0.442 0.426 0.442 0.480 0.533 0.586 0.624
12 0.829 0.808 0.760 0.691 0.622 0.574 0.553 0.574 0.622 0.691 0.760 0.808
13 0.623 0.607 0.519 0519 0.519 0431 0415 0431 0.467 0.519 0.571 0.607
4 0.502 0.489 0.460 0418 0.376 0.347 0.334 0.347 0.376 0418 0.460 0.489
15 0476 0.464 0.437 0.397 0.357 0.330 0318 0.330 0.357 0.397 0437 0464
16 0491 0.479 0.450 0.409 0.368 0.339 0.327 0.339 0.368 0.409 0.450 0479
17 0.790 0.770 0.724 0.658 0.592 0.546 0.526 0.546 0.592 0.658 0.724 0.770
18 1477 1.440 1.354 1231 1.108 1022 0.985 1.022 1.108 1.231 1354 1.440
19 1.204 1174 1.103 1.003 0.803 0.832 0.802 0.832 0.903 1.003 1.103 1174
20 0.811 0.744 0.676 0.608 0.541 0561 0.541 0.561 0561 0.608 0676 0.744
21 0.576 0.562 0.528 0.480 0432 0.398 0.384 0.398 0432 0.480 0.528 0.562
22 0.360 0.351 0330 0300 0.270 0249 0.240 0.249 0270 0.300 0330 0351
23 0.245 0.239 0.224 0204 0.184 0.169 0.163 0.169 0.184 0.204 0224 0.239

Figure 8.Tianjin weekdays hourly heating load data
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Yearly Load Data

Weekdays Weekends

Hour ary | February | March April May une luly August  September| October Movember| December
0 0.150 0.145 0.138 0125 0.110 0.100 0.095 0.100 0110 0.125 0.138 0.145
1 0.140 0135 0.130 0115 0.100 0.09%0 0.085 0.090 0.100 0115 0130 0135
2 0135 0.130 0125 0.110 0.095 0.085 0.080 0.085 0.095 0.110 0125 0130
3 0.130 0125 0.120 0.105 0.080 0.080 0075 0,080 0.030 0,105 0120 0.125
4 0.420 0410 0.390 0.350 0310 0.280 0.265 0.280 0.310 0.350 0.3%0 0.410
5 0.620 0.605 0.570 0510 0460 0420 0.400 0420 0460 0510 0570 0.605
6 0.680 0.665 0630 0.570 0510 0470 0.450 0470 0510 0.570 0630 0.665
7 0620 0.605 0570 0510 0.460 0420 0.400 0420 0460 0510 0570 0.605
8 0.530 0.515 0.485 0.440 0.400 0.370 0.350 0.370 0.400 0.440 0.485 0515
9 0.550 0.535 0.505 0.460 0420 0.390 0.370 0390 0420 0.460 0.505 0535
10 0.630 0615 0.585 0.530 0.480 0.440 0.420 0.440 0480 0.530 0.585 0615
1 0.680 0.670 0635 0.580 0.520 0.480 0.460 0.480 0.520 0.580 0.635 0670
12 0850 0830 0.790 0720 0.650 0.600 0570 0.600 0.650 0720 0790 0830
13 0.650 0.630 0.600 0.540 0490 0.450 0430 0450 0490 0.540 0.600 0.630
4 0.520 0.505 0.480 0.435 0.395 0.360 0.345 0.360 0.395 0.435 0.480 0.505
15 0.500 0.485 0.460 0.420 0.380 0.350 0335 0.350 0.380 0420 0.460 0.485
16 0.520 0505 0.480 0435 0395 0.360 0345 0.360 0395 0435 0480 0,505
17 0.820 0.800 0.760 0.690 0.630 0.580 0.550 0.580 0.630 0.690 0.760 0.800
18 1.500 1.460 1.380 1.250 1.150 1.060 1.000 1.060 1.150 1.250 1.380 1.460
19 1.250 1220 1.140 1.020 0950 0.880 0830 0.880 0950 1.020 1.140 1.220
20 0.900 0.870 0.800 0.720 0.670 0.620 0.590 0.620 0.670 0.720 0.800 0.870
21 0.650 0630 0.590 0520 0.480 0.440 0420 0.440 0480 0520 0.5%0 0.630
22 0.420 0.405 0.380 0.340 0310 0.280 0.265 0.280 0.310 0.340 0.380 0.405
23 0.290 0.280 0.260 0.230 0.210 0.190 0.180 0.190 0210 0.230 0.260 0.280

Figure 9.Tianjin weekend hourly heating load data

Finally, through HOMER Pro load configuration, I successfully constructed the electricity
and heat load model of Tianjin and generated daily load, seasonal load and annual load time

series distribution maps.

3.7 Battery

I include lithium-ion batteries in this microgrid model mainly to balance the volatility of
renewable energy sources and improve the stability and self-sufficiency of the system. Due
to the diurnal cycle of photovoltaic power generation and the stochastic nature of wind
energy in Tianjin, the energy storage system can store excess power when there is sufficient
light or strong wind and release it at night or during low wind speed hours to ensure the
continuity of power supply, reduce the abandonment of wind and light and improve the
overall energy utilisation rate, as well as to enhance the off-grid operation capability of the

microgrid to ensure that the load demand is reliably met.(e Silva, et al., 2017, pp.786-799.)
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4 Analysis and comparison of results

In this section, the simulation results of the Tianjin and Finland microgrid systems are
compared and analysed to assess their operational performance and economics under

different climatic conditions.
4.1 Analysis of operational results in Tianjin

In this section, the simulation results of the Tianjin microgrid system are analysed based on
HOMER Pro software to assess the feasibility and optimisation space of its energy
management strategy in terms of system structure, economic performance and operation

status.
4.1.1 System configuration and composition

Architecture Cost System

w PV o TkWhll o Converter | . NPC LCOE Operating cost gy — CAPEX o Renfrac sy o Tofal Fuel o
FABER (o VO Ty ¥y VOV 0 @V 0y @V ™ OV "™V 0 O o ¥

LI AN 18 149 « §28653  $0486 §756.52 §18873 500 489
AP RS 116 162 « 34620 $0599 §93001 $22478 500 489
LB 0 49 23 « §12654 233 £3,795 §77471 500 189

Figure 10.Comparison of different configurations of microgrid system in Tianjin area

For the system optimisation simulation in Tianjin, HOMER Pro proposes an economical and
stable microgrid configuration based on the local climate resources and load characteristics
as shown in Figurel0. The system consists of PV and energy storage as the core,
supplemented by diesel generators and natural gas boilers, to build a hybrid energy system
that can operate independently. The photovoltaic system, with an installed capacity of 9.87
kW, is the main source of renewable energy. To cope with sunshine fluctuations and load
mismatch, the system is equipped with 18 sets of 1 kWh lithium batteries, which not only

improves the utilisation rate of the PV, but also enhances the stability and regulation of the
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system. A diesel generator supports the system as a back-up power source during periods of
low light or peak loads, while a natural gas boiler meets winter heating needs and ensures
continuity of heat load supply. A 1.49 kW bi-directional converter is used to provide efficient
energy conversion between AC and DC to meet the diversified power needs of the
users.(Koohi-Kamali, et al., 2014, pp.562-582)

Overall, the configuration takes into account the resource and demand characteristics of
Tianjin, and achieves efficient and reliable operation of the system through multi-energy

complementary and energy storage regulation.

4.1.2 Economic performance analysis

The economics of the system is an important indicator of its feasibility. Regarding the
optimisation and economic assessment of the microgrid configuration scheme, the results
show that the system has good economic performance under the current resource conditions.
The simulation results show that the system maintains a low cost of supplying electricity
while operating independently with significant economic benefits compared to the
traditional utility supply.(Ishraque, et al., 2021, pp.77325-77340.)

Figure 11.Life cycle cost components of microgrid systems in Tianjin region

As shown in Figurell, the life cycle cost of the system consists mainly of the initial
investment cost (green column) and the fuel cost (orange column). The fuel cost component
comes mainly from the operation of the natural gas boiler and the diesel generator, while the

salvage value of the equipment (yellow columns) creates a degree of financial recovery at
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the end of the system's life. Operation and maintenance costs, on the other hand, are

relatively low and make up a relatively small portion of the overall cost.

Overall, the system has a clear cost structure, with a high initial investment but low later
operating expenses, providing the economic advantage of long-term operation and making
it suitable for use in urban residential areas or in stand-alone energy scenarios with solar

resources.
4.1.3 Energy structure and operating characteristics

In the microgrid system in Tianjin area, the energy structure is mainly composed of three
parts: photovoltaic (PV) power generation, energy storage system, and natural gas boiler,
and the system achieves an effective response to the power and heat loads through the
synergy of multiple energy sources. Based on the simulation results, it is shown that the
productivity of the PV system far exceeds the load demand in the current configuration, and
there is a significant waste of energy in the system, which needs to be improved by

expanding the energy storage or optimising the energy use strategy.

The system's renewable energy share is 50%, indicating that the overall energy supply
structure is half renewable and half fossil energy, achieving a relatively balanced energy
supply. This demonstrates the stability and reliability of the system throughout the year. At
the same time, the maximum renewable penetration rate of 7,063% further demonstrates the
high output capacity of the PV system during certain periods of time, which has good

potential for development.
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Figure 12.Time series plot of annual power and heat output of microgrids in Tianjin area
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Figure 12 demonstrates the dynamic response characteristics of the system's electricity and
heat throughout the year. It can be observed that the photovoltaic power generation has
typical daily cyclical fluctuation characteristics(Liu, et al., 2017, p. 012018). , the system
load is overall more stable, and the energy storage system mainly charges during the day and
releases power at night to regulate the system operation. As for the thermal power, the boiler
system basically undertakes the task of supplying the thermal load throughout the year,
especially during the peak heating demand in winter and spring, when its operation

frequency and power rise significantly.

Quantity Value Units Quantity Value ' Units
Hours of operation 8,760 h/yr Fuel consumption 489 m3/yr
Total production 4,105  kWh/yr Specific fuel consumption 0.119 m3/kWh
Mean output 0469 kW Fuel energy input 4830 KWh/yr
Min. output 00188 kw Mean efficiency 850 %

Max. output 2.12 kw

Boiler Power Output

Figure 13.Annual operating power distribution and energy efficiency parameters of boilers

in Tianjin area

The boiler's annual operating data shows that the boiler demonstrates a good level of energy
efficiency. The heat map in Figure 13 also shows that the boiler operates most frequently
between November and March, with the heating demand mainly concentrated in the cold

season, which is in line with the typical climate and heating cycle of the Tianjin area.

In summary, the microgrid system realises multi-source complementarity in terms of energy
structure, achieves a high proportion of renewable energy power supply through
photovoltaic, improves system flexibility through the energy storage system, and meets the
heat load efficiently with the help of the natural gas boiler, which demonstrates a good
overall performance in terms of energy use efficiency, system stability and regional
adaptability.
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4.1.4 Analysis of energy storage systems

Energy storage systems play a key role in microgrids to regulate fluctuations in
renewable energy sources, improve energy efficiency, and enhance system
stability.(Islam, et al., 2024.) The battery pack in the system configuration in Tianjin
area shows good energy supply capability in the simulation, with a standby time of
32.6 hours, a design life of 15 years, and a total annual flux of 2,120 kWh, reflecting
strong cycling performance and load regulation capability. Economically, the life
cycle cost of the battery system is $15,636.72, which represents 54.6 per cent of the
total NPV of the system. This cost includes an initial capital investment of $9,900,
replacement costs of $4,200. Despite the relatively high cost, it plays a key role in

the regulation and stabilisation of the system.

Cost Summary Cash Flow Compare Economics Electrical Thermal Renewable Penetration Generic 1kWh Li-lon Generic flat plate PV System Converter

Value Units Quantity Value nits Juantity Value Units o
326 hr Average Energy Cost 0 $/kWh

0193 $/kWh Energy In 2229 kWhiyr o
180 kWh Energy Out 2011 kWh/yr
ity 153 kWh Storage Depletion 473 kWh/yr
u 31,794 kWh Losses 223 kWhjyr

Expected Life 150 yr Annual Throughput 2,120 kWh/yr _

Batteries 180 qy.
String Size 100 batteries
Strings in Parallel 180  strings
Bus Voltage 600 V

Frequency (%)

S

State Of Charge

18 80 9
e '" m

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 14.Battery operation state and charging/discharging characteristics of Tianjin

microgrid system

Figure 14 shows the battery's state of charge and discharge over the course of 8760 hours
over the course of the year. Most of the time the battery remains above 80%, indicating that
the PV is generating sufficient power, but due to the small load and limited storage capacity,
the battery is often in a “high power standby’ state and is not fully discharged. This is
consistent with the large amount of power abandonment in the system, reflecting the

difficulty of the current storage capacity to fully absorb the redundant power. The graph also
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shows some seasonal fluctuations: a deeper discharge process in summer and autumn,
probably related to rising loads and unstable light, while the power remains high in spring

and winter. The annual battery loss is low, and the system efficiency is good overall.

Overall, the energy storage system plays an important role in load regulation and power
balance. However, from the operation, the current capacity is small, which limits the further
utilisation of renewable energy. In the future, consideration should be given to expanding
the scale of energy storage or combining it with demand response and intelligent dispatch to

improve its utilisation and economy.

4.1.5 Summary of operational performance in Tianjin

The modelling and simulation analysis of the microgrid system in Tianjin area shows that
the system performs well in terms of resource matching, economy and operational stability.
The system is centred on PV and Li-ion battery storage, supplemented by a natural gas boiler
to satisfy the heat load, to achieve autonomous supply of electricity and heat loads.

Economically, the system NPV is USD 28,653, LCOE is USD 0.486/kWh, annual operating
cost is USD 756.52, and payback period is about 8.63 years. Despite the high cost of energy
storage, it effectively improves power stability and PV utilisation.

Renewable energy accounted for 50% of the year, and PV generated 16,843 kWh. However,
due to storage capacity constraints, the abandoned light rate reached 73%, and there is still
room for optimisation. The boiler operates stably, producing 4,105 kWh of heat annually

with a thermal efficiency of 85%, mainly in the winter and spring seasons.

Overall, the microgrid operates well and economically in Tianjin, and is suitable for urban

communities with distributed energy sources and a certain degree of load flexibility.
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4.2 Analysis of microgrid systems in the Finnish region

In this section, the simulation results of the Finnish microgrid system are analysed based on
the HOMER Pro software to assess the feasibility and optimisation space of its energy
management strategy in terms of system structure, economic performance and operating

conditions

4.2.1 System configuration and composition
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Figure 15.0ptimisation results for regional microgrid system configuration and economics

in Finland

The Finnish microgrid system uses a configuration of 26.1 kW PV, 25 kWh Li-ion batteries,
a 1.51 kW converter and a natural gas boiler with a cycle charging strategy. Due to the
limited local light resources (average annual radiation of about 2.68 kWh/m? /day), the
system is enhanced by increasing the PV and storage capacity in order to increase the energy
supply capacity. The boiler secures the heat load supply in the middle of the cold
winter.(Bezhan, et al., 2017, pp.201-208.) The overall system is more redundant than in

Tianjin, reflecting the higher demand for energy supply stability in a cold climate.

4.2.2 Economic performance analysis

In the simulation of a microgrid system in the Finnish region, economy remains an important

criterion for evaluating the feasibility of the system. According to the results of the life cycle
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cost analysis shown in Figure 16, the system demonstrates strong economic affordability

under the current resource and climate conditions.

The base-case system can serve the load at the lowest
cost under the modeled conditions.

This result isn't what | expected. ( This result is what | expect, (+)
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Figure 16.Distribution of system life cycle cash flows in the Finnish region

The simulation results show that the total NPV of the Finnish microgrid system is $51,441,
with an equalised cost of electricity of $0.897/kWh, an initial investment of $36,908 and an
annual operating cost of $1,124. Although costs are higher than in Tianjin, the system
achieves 50 per cent renewable energy penetration and the operating economics are still
acceptable. Costs are dominated by capital expenditures, with increased fuel and
replacement costs reflecting higher reliance on energy storage and heat sources.(Schmidt, et
al., 2017, pp.1-8.) Equipment salvage value reduces total costs. Overall, the system still has

good potential for application in high-latitude cold environments.

4.2.3 Analysis of system operation
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Figure 17.Time series plot of system power output for the Finnish region
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From the system power output graph in Figure 17, it can be seen that the power generated
by the photovoltaic (PV) system throughout the year exhibits a distinctive insolation feature:
the output is steadily higher in spring and summer, while it fluctuates more in winter. The
input power performance of the Li-ion battery is smooth, indicating that it plays a good
balancing role mainly as a load regulation and energy storage means, charging when the PV
is rich and discharging when the power consumption peaks.(Datta, et al., 2019, pp.746-757.)

Generic Boiler Emissions

Quantity Value Units Quantity Value Units

Hours of operation 8,760  h/yr Fuel consumption 489 m3/yr

Total production 4105 kWh/yr Specific fuel consumption 0.119 m3/kWh
Mean output 0469 kW Fuel energy input 4830 kWh/yr
Min. output 0.0195 kw Mean efficiency 850 %

Max. output 215 kw

Boiler Power Output
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Figure 18.Annual operating power distribution and energy efficiency parameters of boilers

in the Finnish region

Figure 18 shows that the boiler operates for 8760 hours throughout the year, with an average
output of 0.469 kW and a maximum of 2.15 kW, indicating that the boiler operates almost
continuously. Its heat output is distinctly seasonal, with strong output in winter and low load

in summer, and it operates most intensively in the morning and evening hours of the day.

The annual natural gas consumption is 489 m* and the heat output is about 4105 kWh, with

an average thermal efficiency of 85%, providing good energy efficiency while safeguarding
the heat load. Overall, the system is supplied by photovoltaics and batteries, and the heat is
steadily output from the boiler, achieving a high degree of energy self-sufficiency and
renewable energy utilisation.
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4.2.4 Battery system analysis

Generic Boiler Emissions

Cost Summary Cash Flow Compare Economics Electrical Thermal Renewable Penetration Generic TkWh Li-lon = Generic flat plate PV System Converter

Quantity Value Units Quantity Value  Units Quantity Value | Units
Batteries 25.0 qty. Autonomy 453 hr Average Energy Cost 0 $/kWh
String Size 1.00 batteries Storage Wear Cost 0.193  $/kWh Energy In 2,826 kWh/yr 2
Strings in Parallel 25.0 strings Nominal Capacity 25.0 kWh Energy Out 2,547 KkWh/yr
Bus Voltage 6.00 V Usable Nominal Capacity 21.3 kWh Storage Depletion 444 kWh/yr
Lifetime Throughput 40,275 kWh Losses 283 kWh/yr
Expected Life 15.0 yr Annual Throughput 2,685 kWh/yr _
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Figure 19.Battery operating state and charging/discharging characteristics of microgrid

systems in Finland

Figure 19 shows the operation of the battery system in the Finnish region. The annual energy
input is 2,826 kWh and the output is 2,547 kWh, with an energy loss of about 10%, which
is similar to that of the Tianjin system. the SOC thermogram shows that the battery is
maintained at a higher level most of the time, and the fluctuation of charging and discharging

is intensified in the summer, which reflects the influence of increased light and rising load.

Overall, the battery configuration of the Finnish system is reasonable, which effectively
regulates the difference between PV output and load, and guarantees stable system operation.
Due to the weak light resource, the role of battery in the system is more critical.

4.2.5 Summary of system operation in Finland

A simulation analysis of the Finnish regional microgrid shows that the system is able to
achieve self-sufficiency of electric and thermal loads more economically even at high

latitudes, low temperatures and high energy costs.
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Compared with Tianjin, the Finnish microgrid significantly increases the scale of
photovoltaic and energy storage to cope with the lack of local sunshine and load fluctuations.
The system is equipped with 25 lithium-ion battery units with a capacity of 21.3 kWh,
ensuring load regulation when the light is unstable. The boiler, on the other hand, operates
steadily throughout the year to meet heating demand.In terms of economics, the system NPV
is USD 51,441 and LCOE is USD 0.897/kWh, which is higher than that of Tianjin, mainly
due to the large initial investment, the high price of natural gas, and the increase of electric
heating load in winter. However, the overall cost is reasonable, with an annual running cost
of USD 1,124, and the economy is still competitive.Operationally, the PV is sufficient in
summer and fluctuates in winter; the high SOC level of the battery bank plays a key
regulating role; the boiler operates smoothly with an efficiency of about 85%, and the natural

gas usage is reasonable.

Overall, the system achieves stable energy supply and 50% renewable energy penetration
throughout the year through structural optimisation, demonstrating its adaptability and

application prospects in remote and cold regions.
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5 Summary and outlook

This study focuses on the integrated energy management of microgrid systems. Based on
HOMER Pro, an off-grid microgrid model integrating photovoltaic (PV), energy storage,
boiler and other energy sources was developed, and the optimisation of the system
configuration and the simulation of the operational performance were carried out in Tianjin
and Finland, respectively. In Tianjin, a good balance between economy and renewable
energy utilisation is achieved through rational allocation of PV capacity and battery storage
system, while in Finland, despite more severe climatic conditions and higher energy prices,
stable operation of the system is achieved by expanding PV installed capacity and upgrading
the energy storage capacity, which verifies the feasibility and adaptability of the microgrid
structure in different climatic contexts.(Holjevac, et al., 2015, pp.487-504.)

The study shows that the microgrid system has good regional scalability and flexible
configuration capability, and has important potential for application in the context of energy
structure transition and low-carbon development. However, this study is mainly based on
static modelling and single-year meteorological data, and has not yet considered more
complex real-time scheduling strategies, the effects of equipment aging and economic
incentives. Future research can introduce part of the dynamic scheduling algorithms, such as
considering the climate volatility in different years or adding multi-energy complementary
situations, so as to further enhance the practicability of the model and also further provide
more comprehensive technical support for practical engineering applications.(Tascikaraoglu,
etal., 2014, pp.445-453.)
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