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Abstract 

This paper aims to develop a methodology to quantify the 

effects of different combinations of energy supply 

systems. A residential community with 12 households 

was modelled and simulated in TRNSYS to evaluate the 

performance of different power/heat network scenarios 

under dynamic electric and heat loads. The first scenario 

starts with gas-based fuel cell systems and heat tanks, and 

additional renewable energy systems such as PVs, 

batteries and geothermal systems were incrementally 

added to create different scenarios. The impact of capacity 

and operational variables on unmet demand was 

quantified by variance-based sensitivity analysis and 

scenario-specific optimal design, derived by economic 

analysis. The overall performance of the network was 

different depending on the scenario, but the scenario 

including fuel cells and GSHP system was selected as the 

most economical design in this case study.  

Key Innovations 

• The impact of individual systems on overall system 

performance was quantified through sensitivity 

analysis. 

• The effect of adding a variety of energy supply 

systems was evaluated through various performance 

and cost indicators.  

Practical Implications 

This study aims to develop an knowledge base of the 

effects of varying mix in the energy supply network as 

well as individual system’s effect. This knowledge base 

will be useful as guidelines for designing distributed 

energy system. Also, the methodology developed in this 

study can extend to applying to various building types and 

city scale in the further research. 

Introduction 

Distributed energy systems using renewable energy 

sources and fuel cells have been regarded as an attractive 

energy supply alternative to central energy plants as they 

minimize energy distribution loss from central plants and 

utilize waste heat generated during the power generation 

process. Among renewable energy systems, fuel cell 

systems are suitable for producing heat and power 

simultaneously at varying partial loads to buildings with 

small noise disturbance (Gunes, 2003).  Specifically, gas-

based fuel cells are more suitable for buildings on the 

natural gas supply grid.  

Existing research papers have studied the optimal design 

of the mix of renewable energy supply systems, which 

consist of photovoltaic, geothermal, fuel cell, and 

hydroelectric systems. However, existing studies focus on 

the optimization of system capacity under an assumed 

scenario of a specific system mix. For example, 

Castañeda(2012) aims to optimize the  capacity of 

systems in energy networks consisting of photovoltaic, 

wind power, batteries and hydrogen storage. This study 

conducted cost optimization for sizing systems of this 

energy network but did not consider the effect of varying 

mix of energy systems. Hence, there is lack of knowledge 

base on the overall effect of the system mix in energy 

networks. 

Recent studies aim to analyze the effect of variation in the 

system mix. Askarzadeh(2015) developed an 

optimization model for designing renewable energy 

networks and highlighted that optimization results varied 

depending on the mix of energy networks (e.g., batteries 

and photovoltaics, batteries and wind power systems). 

Yang(2014) compared several cases on the basis of 

geothermal systems  with different fuel cell capacities and 

evaluated based on reliability and economic indicators. 

However, Askarzadeh(2015) did not consider heat supply, 

and Yang(2014) only used one design variable (fuel cell 

capacity). 

In order to reflect these limitations, this study considers 

both heat and electrical networks and explores an 

extensive set of associated capacity and operational 

variables. A set of scenarios  with varying mix of 

renewable systems were created and evaluated through 

performance and cost indicators. As an outcome, this 

study aims to quantify the effects of varying mix in the 

energy supply network as well as individual system’s 

effect. 

Methodology 

This study evaluates the effect of different mixes of 

energy supply systems  on the energy supply performance 

and economic benefits. Three scenarios with an 

incremental increase in the mix of energy systems were 

created and modelled with the TRNSYS program. In each 

scenario, design parameters associated with system size 

and operation settings were identified, and the effect of 

individual design parameters was evaluated in terms of 

energy supply performance and economic benefits. 

Variance-based sensitivity analysis was also conducted to 
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quantify the effect of individual design parameters on the 

selected evaluation indicators.  

Scenarios 

The major objective of  this research is to evaluate the 

effect of replacing the traditional boiler with fuel cell 

system that provides heat while producing electricity. 
Three scenarios on the basis of the fuel cell system with 

the incremental mix of additional renewable energy 

systems were constructed to study the effect of mixing 

different renewable energy systems. Three scenarios are 

as follows: 

• Scenario 1: the fuel cell system and heat storage tank 

were designed to meet heat demand. Unlike gas 

boilers, fuel cell systems partially meet electricity 

demand while satisfying heat demand . Fuel cell 

systems are equipped with a reformer, which reforms 

LNG to hydrogen.  
• Scenario 2: ground source heat pumps (GSHP) were 

added to Scenario 1 as an additional system for heat 

supply. GSHP operation is triggered by the lower 

setpoint of water temperature, and the higher PLR 

modes of the fuel cell system are triggered by the 

incremental increase in setpoint temperatures.  
• Scenario 3: PV panels and batteries were added to 

Scenario 2 in order to reduce the amount of power 

supplied from the electrical grids by generating and 

storing electricity on-site.  
In terms of system operation, the part load ratios (PLR) of 

fuel cells considered in this study are 0, 0.5, 0.75, 1,0. The 

mode of PLR is determined by water temperature 

supplied in relation to the temperature set-point. The 

on/off operation of the GSHP is also determined in the 

same manner by the temperature setpoint compared to 

actual water temperature. The minimum state of charge 

(SOC) of the battery system was set to 20 percent. 
Design parameters 

Design parameters associated with each scenario were 

identified and analyzed in terms of their effect on the 

evaluation indicators. As the size of energy supply 

systems significantly impacts associated operation 

strategies, both capacity variables and operation variables 

were considered in our analysis. The capacity variables 

considered in the six scenario parameters: fuel cell 

capacity, heat storage tank capacity, GSHP capacity, PV 

capacity, battery capacity, and pump capacity (cap_FC, 

cap_HT, cap_GSHP, cap_PV, cap_Battery, 

cap_mul_pump). The operation variables are four set-

point parameters: three set-points for different PLR 

modes of the fuel cell system (set_PLR0.75, set_PLR0.5, 

set_PLR0) and on/off setpoint for the GSHP (set_GSHP).  

Evaluation indicators 

The effects of the identified design parameters under the 

three scenarios were evaluated by the evaluation 

indicators presenting the reliability of energy supply 

performance and one economic indicator. The 

performance indicators used in the analysis are two types 

of loss of power supply  probability (LPSP) usually used 

for evaluating energy supply performance (Lian, 2019). 

One is LPSPT  that indicates the duration of unmet time 

and the other is LPSPD that indicates the magnitude of 

unmet demand. Regarding heat supply performance, 

LPSPT,heat indicates the percentage of time duration in 

which the supplied water temperature is lower than the 

required temperature. As LPSPT,heat cannot represent the 

magnitude of unmet demand, we used another indicator, 

Difftemp, which indicates the average value of differences 

between the supplied and required water temperatures 

during the whole year. Regarding electricity supply 

performance, LPSPD,ele indicates the ratio of the 
electricity purchased by the grid to total electricity 

demand. 

𝐿𝑃𝑆𝑃𝑇,ℎ𝑒𝑎𝑡(%) =  
∑ 𝑢𝑛𝑚𝑒𝑡 ℎ𝑒𝑎𝑡 𝑡𝑖𝑚𝑒

𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑
× 100          (1)  

𝐷𝑖𝑓𝑓𝑡𝑒𝑚𝑝(℃) =  
∑  𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑢𝑛𝑚𝑒𝑡 ℎ𝑒𝑎𝑡 𝑡𝑖𝑚𝑒
            (2)  

𝐿𝑃𝑆𝑃𝐷,𝑒𝑙𝑒(%) =  
∑ 𝑢𝑛𝑚𝑒𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦

∑ 𝑒𝑙𝑒𝑐𝑡𝑖𝑟𝑐𝑖𝑡𝑦 𝑑𝑒𝑚𝑎𝑛𝑑
× 100         (3)  

Regarding the economic analysis, we used Total Annual 

Cost(TAC) as an indicator, which is defined as the sum of 

the capital cost, maintenance cost and annual bills(Lian, 

2019). We did not consider maintenance costs and interest 

rates, and capital costs were obtained by dividing the 

standard system cost by its life span. Gas and electricity 

bills were calculated using the Seoul standard energy 

prices. 

 
Figure 1. Schematics of scenario 1  

 
Figure 2. Schematics of scenario 2  

 
Figure 3. Schematics of scenario 3  
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Sensitive analysis 

Variance-based sensitivity analysis was used to quantify 

the effects of design parameters on the selected evaluation 

indicators for individual scenarios. Variance-based 

sensitivity analysis is based on ANOVA composition that 

quantifies what proportion of the variation in the quantity 

of interest is explained separately by individual 

parameters and parameter interaction terms as expressed 

below (Saltelli, 2008). 

𝑉(𝑌) =  ∑ 𝑉𝑖

𝑖

+ ∑ ∑ 𝑉𝑖𝑗

𝑗>𝑖

+

𝑖

⋯ + 𝑉12⋯𝑘 (4) 

𝑉𝑖 = 𝑉[𝐸(𝑌|𝑋𝑖)], 𝑉𝑖𝑗 = 𝑉[𝐸(𝑌|𝑋𝑖 , 𝑋𝑗)] − 𝑉𝑖 − 𝑉𝑗 (5) 

Where 𝑉𝑖  is the first order effect, which represents the 

contribution of individual parameters (𝑋𝑖) to the output, 

and 𝑉𝑖𝑗  is the second-order effect, which represents the 

joint effect of the two parameters(𝑋𝑖 , 𝑋𝑗). 𝑆𝑖, refers to the 

first-order sensitivity index, and by adding the second- 

and higher-order effects due to parameter interactions, the 

total effect can be defined as below. 

𝑆𝑖 =
𝑉[𝐸(𝑌|𝑋𝑖)]

𝑉(𝑌)
, 𝑆𝑇𝑖

= 𝑆𝑖 + 𝑆𝑖𝑗 ⋯ + 𝑆𝑖𝑗⋯𝑘   (6) 

Case description 

This study is based on the case study of the residential 

community consisting of 12 households, located in Seoul, 

Korea. Twelve standard houses with a floor area of 130 

m2 were modelled through TRNBUILD and simulated in 

TRNSYS. Since the community is connected to the local 

electricity and gas grid, electricity can be purchased or 

sold while LNG can be supplied directly to the fuel cell 

system. The energy supply systems for the three scenarios 

were modelled in TRNSYS for simulation of dynamic 

energy system behavior in relation to dynamic energy 

demands. 

Energy systems 

The five energy systems used in the case study are  fuel 

cells, heat storage tanks, ground source heat pumps, 

photovoltaic systems, and batteries. Table 1 shows the 

details of individual energy types used in the scenarios 

and the component types used for creating energy supply 

network models in TRNSYS. Except the capacity 

parameters, the other parameters associated with the fuel 

cell, heat tank, and battery systems used default values 

provided in TRNSYS.  Model parameters for the GSHP 

were modified according to the specification of the 

commercial product from ‘DAESUNGHEATENERSYS’, 

and the model parameters of photovoltaic panels were 

updated to reflect the specification of the commercial 

product from ‘Hanwha Q-CELLS’.  

Table 1: type of systems used for simulation 

System System type TRNSYS Type 

Fuel cell system PEMFC Type 170a 

Heat storage tank 
Vertical Liquid 

Storage 
Type 158 

GSHP 
Vertical borehole 

ground heat pump 

Type 927 

Type 557a 

PV 
Photovoltaic 

panel with MPPT 
Type 190c 

Battery Lead acid battery Type 185a 

Demand profiles 

Energy supply networks target to satisfy the energy 

demand, including the electricity, cooling, heating, and 

domestic hot water (DHW) demand of the 12 households. 

Hourly heating and cooling demands were simulated by 

the residential building model created on the basis of the 

prototype Korean residential building specified by Jung et 

al (2018). The hourly cooling demands were converted 

into the hourly electricity demands, assuming that the air 

conditioner’s coefficient of performance (COP) is 3.3. On 

the basis of the 2018 measurement data of various 

households provided by the Korea Energy Agency, the 

measured electricity and DHW demands of the 

households in similar areas were used as hourly electricity 

and DHW demand profiles in our residential simulation 

model. Hourly heating, domestic hot water, and electricity 

demands for the year-long simulation period  are shown 

in Figure 4. The total heat demand for heating and DHW 

accounts for 80 percent of the total energy demand, and it 

is roughly 4 times the electricity demand.  

 

Figure 4. Demand profiles during the entire simulation period of one year(8760hr) 
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The maximum and average demands are summarized in 

Table 2, and feasible discrete design options of system 

capacity parameters were calculated on the basis of these 

values. 

Table 2: Demand profiles used in the case study 

 DHW Heating Electricity 

Annual  

(kWh) 
54,138 185,275 60,927 

Hourly max 

(kWh) 
84.79 105.33 29.07 

Hourly average 
(kWh) 

6.18 21.15 6.96 

Results  

Scenario 1 

Scenario 1 with the fuel cell system and heat tank, was 

modelled in TRNSYS, and Table 3 shows possible 

discrete options for the design variables of Scenario 1. 

cap_mul_pump is a multiplier used to increase or decrease 

the standard capacity of pump, and set_PLR0.5 and 

set_PLR0 indicate incremental increases in the base 

setpoint temperature set by set_PLR0.75. 

Table 3: Discrete options for design variables in 

Scenario 1. 

 Variables Range Interval 

Capacity 

variable 

cap_FC 

(kW) 
45 - 75 5 

cap_HT 

(m2) 
16 - 32 4 

cap_mul_pump 

( - ) 
0.5 – 1.5 0.5 

Operation 

variable 

set_ PLR0.75 

(℃) 
45 - 49 1 

set_ PLR0.5 

(℃) 
+2 - +6 1 

set_ PLR0  

(℃) 
+2 - +6  

Figure 5 is the scatter plot of all the combinations of the 

discrete options (13,125 cases) in terms of the two 

performance evaluation indicators.  The x-axis indicates 

the percentage of time duration in which the supplied 

water temperature is lower than the required temperature 

(LPSPT,heat), and the y-axis indicates the average value of 

differences between the supplied and required water 

temperatures (Difftemp). The LPSPT,heat   and  Difftemp values 

of all the cases showed a high correlation, but noticeable 

variations were also observed in the relationship between 

the two performance indicators. 

 

Figure 5. Scatter plot of  LPSPT,heat  and  Difftemp  for all 

design cases 
 

Table 4: Sensitivity analysis results of design parameters 

in Scenario 1 
Total effects LPSPT,heat  Difftemp 

cap_FC 0.201 0.686 

cap_HT 0.316 0.296 

cap_mul_pump 0.262 0.327 

set_ PLR0.75 0.226 0.146 

set_ PLR0.5 0.261 0.146 

set_ PLR0 0.516 0.189 

Owing to the high correlation between the two 

performance indicators shown in Figure 5, it was expected 

that the same design parameters would play a significant 

role in both the LPSPT,heat and  Difftemp. However, different 

sets of design parameters were identified as important for 

each of the indicators. In the LPSPT,heat aspect, set_ PLR0 

showed the highest impact, followed by the heat tank 

capacity, and, surprisingly, the fuel cell capacity showed 

a relatively lower impact. On the other hand, in relation 

to the Difftemp aspect, the effect of fuel cell capacity was 

by far the most dominant, and the effect of operation 

parameters, including set_ PLR0, was low. Overall, 

operation variables have a higher effect on  LPSPT,heat than 

on Difftemp, while capability variables have a higher effect 

on the Difftemp in this case study. 

 

Figure 6. Simulation results of the case in scenario 1 during the period of 2201hr-2300hr(April 2nd ~ April 6th)
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This observation can be well explained with cases with a 

large fuel cell capacity in which the part load ratio of fuel 

cells frequently is 0 (e.g., cap_FC: 75,000W, cap_HT: 24, 

cap_mul_pump: 0.5, set_ PLR0.75.: 45, set_ PLR0.5: +2, 

set_ PLR0: +2) The 100-hour simulation results during the 

spring which has intermediate heating demand (April 2nd 

(2201hr) ~ April 6th (2300hr)) were shown in Figure 6. 

This graph shows that the LPSPT,heat value changes every 

time when the PLR of the fuel cell system changes: 

particularly when the PLR is 0. As gas-based fuel cell 

systems need three hours to restart, set_ PLR0 has the 

highest effect on the percent–heat. In comparison, 

magnitude–heat is more affected by system capacities 

than the change of the PLR operations set by water 

temperature setpoints. 

Scenario 2 

Scenario 2 consisting of the fuel cell, heat tank and GSHP 

systems, was modelled in TRNSYS and Table 5 shows 

possible discrete options for the design variables  in 

Scenario 2. The operation of GSHP is triggered by the 

lower setpoint of water temperature, and the higher PLR 

modes of the fuel cell system is triggered by the 

incrementally increased setpoint temperatures.  

Table 5: Design variables in Scenario 2. 

 Variables Range Interval 

Capacity 

variable 

cap_FC 

(kW) 
45 – 75 5 

cap_HT 

(m2) 
16 – 32 4 

cap_mul_pump 

( - ) 
0.5 – 1.5 0.5 

cap_GSHP 

(kW) 
11 – 33 11 

Operation 

variable 

set_GSHP 

(℃) 
45 - 49 1 

set_PLR0.75/0.5 

(℃) 
+2 - +6 1 

set_PLR0  

(℃) 
+2 - +6  

Set_PLR0.75 and set_PLR0.5 are set identically in Scenario 

2 and are expressed as one variable, set_ PLR0.75/0.5, to 

reduce the computing cost associated with the sensitivity 

analysis. Set_ PLR0.75/0.5 and set_ PLR0 incrementally 

increase the temperature setpoint, changing the PLR 

mode, from the base temperature setpoint, set_GSHP, 

triggering the GSHP operation. Figure 7 is the scatter plot 

of all combinations of discrete options (39,375 cases) in 

terms of LPSPT,heat and Difftemp. The X-axis is LPSPT,heat, 

and Y-axis is Difftemp. The scatter plot presented a high 

correlation between the two indicators, applicable to all 

options, but variations were also observed.  

 

Figure 7. scatter plot of LPSPT,heat and Difftemp for all 

discrete options 

Table 6: Sensitive analysis results in scenario 2. 

Total Effects LPSPT,heat Difftemp 

cap_FC  0.515 0.657 

cap_HT  0.0174 0.105 

cap_mul_pump 0.0243 0.155 

cap_GSHP 0.410 0.814 

set_GSHP  0.215 0.382 

set_PLR0.75/0.5 0.032 0.044 

set_PLR0  -0.002 0.012 

Table 6 summarizes sensitivity analysis results, which 

differ from the results in Scenario 1. In this scenario, the 

same set of capacity parameters have a significant impact 

on both LPSPT,heat and Difftemp. In terms of LPSPT,heat, fuel 

cell capacity showed the highest impact, followed by 

GSHP capacity, while set_ PLR0 showed the lowest 

impact unlike Scenario 1. In terms of Difftemp, the GSHP 

capacity showed the highest impact, followed by the fuel 

cell capacity. The operation variables did not have a 

significant impact on both indicators except for set_GSHP. 

Especially, the impact of GSHP capacity was significant 

on the both indicators 

 

Figure 8. Simulation result of the case in scenario 2 during the period of 2201hr-2300hr(April 2nd ~ April 6th)
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These results can be further explained through the 

simulation results of   one case (cap_FC: 75000, cap_HT: 

24, cap_mul_pump: 0.5, set_GSHP: 45, set_ PLR0.75/0.5: +2, 

set_PLR0: +2) in which the conditions were the same as in 

scenario 1 except for variables related to GSHP are shown 

in Figure 8. In Figure 8, when the temperature of water 

supplied to the demand side was higher than the setpoint 

for set_ PLR0, the fuel cell system was turned off, and 

accordingly the supplied water temperature decreased 

below the set_GSHP during the heat supply to the demand 

side. Then, the GSHP system operated for heat supply, 

especially when the fuel cell system cannot operate 

immediately due to the start-up period of 2 hours. For this 

reason, the impact of the GSHP capacity and GSHP 

setpoint temperature on both indicators are significantly 

high. In addition, adding the GSHP system makes the heat 

supply more flexible and reduces the effect of the heat 

storage system in comparison to Scenario 1. 

Scenario 3 

Scenario 3 with an addition of electrical systems (PV, 

battery) to Scenario 2 was modelled in TRNSYS, and 

Table 7 shows the possible options of design variables in 

Scenario 3. Set_PLR0.75, set_PLR0.5 and set_PLR0 are set 

identically in Scenario 3 and are expressed as one variable, 

set_ PLRall, to reduce the computing cost associated with 

the sensitivity analysis. Set_PLRall incrementally 

increases the temperature setpoint, changing the PLR 

mode, from the base temperature setpoint, set_GSHP, 

triggering the GSHP operation. 

Table 7: Design variables in Scenario 3. 

 Variables Range Interval 

Capability 

variable 

cap_FC  

(kW) 
45 - 75 5 

cap_HT  

(m2) 
16 - 32 4 

cap_GSHP 

(kW) 
11 - 33 11 

cap_PV  

(kW) 
46.8 – 70.2 7.8 

cap_Battery 

(kW) 
500 – 800 100 

Operation 

variable 

set_GSHP (℃) 45 - 49 1 

set_PLRall (℃) +2 - +6 1 

Table 8: Sensitive analysis results in Scenario 3. 

LPSPD,ele 
First-order 

effect 
Total effect 

cap_FC  - 0.016 0.459 

cap_HT  0.089 0.526 

cap_GSHP  0.027 0.194 

cap_PV  0.265 0.815 

cap_Battery  0.028 0.045 

set_GSHP  0.020 0.086 

set_PLRall  0.028 0.555 

In Scenario 3, only LPSPD,ele is used to evaluate all 42,000 

cases (all combinations of discrete options) because there 

is no change in the heat supply system network used in 

Scenario 2. Table 8 shows the sensitive analysis results, 

and the first-order and total effects are used to analyze the 

contribution of individual design variables on the 

electricity supply performance. Unlike Scenarios 1 and 2, 

the differences between the first order and total effects of 

variables in Scenario 3 was noticeably large, which means 

that the interactions of variables have a greatly impact on 

LPSPD,ele  . 

As expected, the PV capacity showed the highest values 

of the first-order and total effects. Unexpectedly, the heat 

tank capacity and set_PLRall that are not related to 

electricity systems had a high effect on LPSPD,ele in this 

case study. To explain this phenomenon clearly, the 

simulation results of two different cases with the same 

simulation period of 100 hours in summer that has low 

heat demand (July 24th(4901hr) ~ July 28th(5000hr))  were 

shown in Figures 9 and 10. The two cases have the same 

PV, battery, and fuel cell system capacities with different 

heat tank capacities and PLR setpoints. Grid_to is the 

amount of electricity sold to the grid and a minus value 

indicates the amount of electricity purchased from the 

grid. In Figures 9 and 10, the amounts of electricity 

produced by the fuel cell system were completely 

different despite the same system capacity operating for 

the same period (4901hr~5000hr). This significant 

difference is mainly due to heat tank capacity and PLR 

setpoints that impact the operation duration of the fuel cell 

systems; the larger heat tank capacity and the higher 

set_PLRall are, the longer the fuel cell system runs. 

 

Figure 9. Simulation result of the case1 in scenario 3(cap_FC: 45000, cap_HT: 16, cap_mul_pump: 1, set_GSHP: 45, 

set_PLRall : +2, cap_PV : 46.8, cap_battery : 500)  
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Figure 10. Simulation result of the case2 in scenario 3(cap_FC: 45000, cap_HT: 32, cap_mul_pump: 1, set_GSHP: 45, 

set_PLRall: +6, cap_PV: 46.8, cap_Battery: 500)

Economic analysis 

The economic indicator, total annual cost, was used for 

economic analysis, and Table 9 shows the unit price and 

life span of systems used for calculating capital cost. The 

unit costs of the energy supply systems were estimated on 

the basis of the existing research papers and reports 

(Battelle, 2016; Kim, 2015; U.S.DOE, 2019; NREL, 2020; 

U.S.DOE, 2011). For satisfying the heat demand, the 

constraint (LPSPT,heat: 5%, Difftemp: 2℃) was used, and 

only those that satisfy the constraints were analyzed in 

economic analysis. 

Table 9: Unit price and life span of systems used.  

System 
Cost 

(₩/kW) 

Life span 

(year) 
Cost/Life 

span 

Fuel cell 
(₩/kW) 

4,400,000 20 220,000 

Heat tank 
(₩/m2) 

9,390,000 20 469,500 

GSHP 
(₩/kW) 

781,938 20 39,097 

PV 
(₩/kW) 

220,000 25 8,800 

Battery 
(₩/kW) 

286,000 2.6 110,000 

Table 10 shows the optimal design parameter values for 

each scenario in terms of Total Annual Cost. In Scenario 

1, fuel cell capacity was largest, compared to the other 

scenarios because fuel cell systems have to handle heat 

demand alone. As a result, the amount of electricity 

produced by fuel cells were much greater than the power 

load, and profit from selling the surplus electricity to the 

grid was the greatest.  

In Scenario 2, the fuel cell capacity was reduced to 45 kW, 

and 33kW GSHP was added. As a result of the reduction 

in power production by the fuel cell system, electricity 

bills increased and the profit of selling the electricity to 

the grid declined. However, the capital cost of Scenario 2 

was lower than Scenario 1 because the unit price of GSHP 

was lower than that of the fuel cell system. Also, the gas 

bills decreased in Scenario 2 because the GSHP systems 

do not need gas for supplying heat. Overall, Scenario 2 

resulted in a lower Total annual cost, which highlights the 

economic benefits of using the mix of the GSHP and fuel 

cell systems.  

Table 10: The optimized set of design parameters. 

 
Scenario 

1 

Scenario 

2 

Scenario 

3 

cap_FC (kW) 70 45 45 

cap_HT (m2) 16 16 16 

cap_mul_pump (-) 1 1 1 

cap_GSHP (kW) - 3 3 

cap_PV (kW) - - 62.4 

cap_Battery (kW) - - 500 

set_GSHP (℃) - 46 46 

set_PLR0.75 (℃) 47 +2 +2 

set_PLR0.5 (℃) +4 +2 +2 

set_PLR0 (℃) +5 +2 +2 

LPSPT,heat (%) 4.51 4.79 4.79 

Difftemp (℃) 1.63 0.98 0.98 

Total annual cost 

(1,000 ₩) 
41,709 36,068 90,145 

gas bills 

(1,000 ₩) 
30,127 23,354 23,536 

electricity bills 

(1,000 ₩) 
3,263 3,377 89,299 

capital cost 

(1,000 ₩) 
22,912 18,790 74,251 

profit_ele 

(1,000 ₩) 
14,594 9,452 7,550 

In Scenario 3, the optimal values associated with heat 

supply systems were the same as those of Scenario 2 

because adding PV and battery systems that are not 

related to heat network cannot change the optimal 

variables of heat systems. Although the electricity bills 

decreased noticeably, Total annual cost was much higher 

than the other scenarios due to the two following reasons. 

First, the annual capital cost of batteries is high when their 

short life span was considered. Second, the electricity 

load of the case study is a quarter of the heat load, and the 

maximum electricity load is 29.07kW, which is less than 

the fuel cell capacity(45kW). In this case study, the 

optimal design solution of Scenario 2 was considered as 

the most economical design. 
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Conclusions 

This study evaluates the effect of mixing energy supply 

systems by creating three different network scenarios and 

compares their simulation results. The cases were 

evaluated using reliability indicators and cost indicators. 

Ultimately, the optimal combinations of design variables 

for each scenario were derived in terms of the economic 

value. 

In terms of reliability indicator for heat load, LPSPT,heat 

was more affected by the operational variables, whereas  

Difftemp were much more affected by the capacity variables 

in Scenario 1. In Scenario 2, the additional heat supply of 

GSHP improved the flexibility of heat supply and had a 

significant impact on both LPSPT,heat and  Difftemp. In 

Scenario 3, the capacity of PV showed the highest effect, 

and unexpectedly the heat tank and set_plrall that are not 

related to electrical system also had a high effect on 

LPSPD,ele. This is due to operation duration of the fuel cell 

system; the larger heat tank capacity and the higher 

set_PLRall are, the longer the fuel cell system runs. 

In terms of cost analysis, the cases that satisfied the 

constraints (5% LPSPT,heat, 2℃ Difftemp) were analyzed. 

Scenario 1 resulted in the highest fuel cell capacity among 

all scenarios because fuel cell systems had to handle heat 

demand alone. In Scenario 2, the addition of GSHP 

reduced the fuel cell capacity and, consequently, capital 

cost and commercial gas billing. In Scenario 3, electrical 

systems (PV, battery) were added, which does not affect 

the heat network and the optimal values associated with 

heat supply systems were the same as those of Scenario 2. 

The total annual cost of Scenario 3 were much higher than 

the other scenarios because electricity load of this case 

study is a quarter of the heat load and electricity price in 

Korea is relatively cheaper than other countries. The 

results of cost analysis revealed that the optimal design 

solution of Scenario 2 was considered as the most 

economical design for this case study.  
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