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Abstract - Promoting green transformation (GX) is imperative for Ja-

pan’s carbon neutrality. This paper focuses on a demand-side energy sys-

tem (DES) for a household, optimizing technology selection and operation 

scheduling to minimize CO2 emissions. We have slightly modified the CO2 

emission calculation in our previous model, originally incorporating the 

dynamic behavior of a heat pump water heater (HPWH), to analyze the 

impact of the dynamic CO2 emission factors on technology selection and 

operation scheduling. Simulation results indicate that incorporating the 

dynamic factors increases the capacity of a battery electric vehicle (BEV) 

charger and confirms time shifts in electricity usage by the BEV as well as 

self-consumption patterns of the HPWH. Future research will extend sim-

ulation periods, explore diverse seasonal and regional scenarios, and in-

corporate planning strategies to support Japan’s GX initiatives further. 
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1. Introduction 

Green transformation (GX), which accelerates 

the integration of renewable energy (RE) and re-

duces dependence on fossil fuels, is a critical initi-

ative in Japan, propelling the nation toward carbon 

neutrality [1]. In the fiscal year 2022, the commer-

cial and residential sectors combined accounted for 

approximately 31.2% of Japan’s total final energy 

consumption [2], underscoring the urgent need for 

effective GX strategies in these domains. 

In this study, we focus on a demand-side en-

ergy system (DES) for an individual household, 

investigating both optimal technology selection 

and operation scheduling to minimize total CO2 

emissions. In our previous research, we developed 

a bottom-up energy system model that can analyze 

time variations in the coefficients of performance 

(COPs) by considering the dynamic behavior of a 

heat pump water heater (HPWH) [3]. Our previous 

research assumed that surplus power generated by 

a rooftop photovoltaic (PV) system could invaria-

bly be sold back to the grid, resulting in significant 

CO2 emission reductions [3]. However, in practice, 

the ability to sell surplus PV power is contingent 

upon utility operating conditions and the area’s 

electricity energy mix. During periods when the 

grid relies predominantly on fossil fuels or en-

counters renewable integration constraints, utilities 

may impose output control commands that limit 

the amount of power returned to the grid [4]. Con-

sequently, a planner such as a DES designer must 

account for time-varying grid conditions when 

making decisions regarding both technology selec-

tion and operation scheduling. 

To address these challenges, our current re-

search introduces dynamic CO2 emission factors 

that reflect the utility’s energy mix at different 

times [5]. These factors capture variations in pow-
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er supply composition, specifically, the propor-

tions of thermal and renewable generation, thus 

enabling more informed decision-making con-

cerning the selection of technologies, such as the 

HPWH, a gas water heater (GWH), and the roof-

top PV system, as well as their operation. By inte-

grating the dynamic factors into the optimization 

model, our approach aims to guide DES planning 

toward achieving lower life-cycle CO2 emissions 

and to analyze its impact on the DES planning. 

Accordingly, this paper discusses the differences 

in optimization results between static and dynamic 

CO2 emission factors for a household in Fukui, 

Japan, over a five-day winter period. 

2. Mathematical model 

In this study, the mixed-integer linear pro-

gramming (MILP) model “JOP-TSCPOS-DES” 

from Reference [3] is modified. This paper de-

scribes only assumed DES and important/modified 

points of the JOP-TSCPOS-DES. 

2.1  Assumed demand-side energy system 

The technologies (equipment types) that are 

candidates for introduction into the DES are a PV 

array (PVA), a hybrid power conditioner (HPC), a 

battery (BAT), a BAT charger/discharger (BCD), a 

battery electric vehicle (BEV), a BEV 

charger/discharger (VCD), a power switching unit 

(PSU), a smart distribution board (SDB), a gas 

water heater (GWH), a hot water tank (HWT), a 

solar thermal collector (STC), a heat pump unit 

(HPU), and a gasoline engine vehicle (GEV). As 

loads of the DES, an alternating current electrical 

power load (AEL), a hot water load (HWL), a tap 

water cold water load (CWL), a running electrical 

power load for BEV (REL), a running gasoline 

load for GEV (RGL) are considered. The assumed 

configuration of the DES for a household [3] is 

shown in Figure 1. For simplicity of the model, it 

is assumed that the HWT is always technolo-

gy-selected (introduced as a ready-made (RM) 

capacity). 

2.2  Dynamics of heat pump water heater 

In the JOP-TSCPOS-DES, the dynamics of 

the HPWH are considered as time-varying of 

stored hot water temperatures, stored hot water 

volumes, stored thermal energies, target heating 

temperatures, COPs, input electrical powers, and 

output thermal powers are considered, respective-

ly. 

The dynamic relationships between COPs, 

input electrical powers, and output thermal powers 

are expressed as follows: 
𝑟HPU,𝑘
COP,heat = �̂�HPU,𝑘(𝛼HPU

heat + 𝛽HPU
heat�̂�𝑘 − 𝛾HPU

heat𝑇HWT,𝑘  

 −𝛿HPU
heat𝑇HPU,𝑘+1

heat ), ∀𝑘 ∈ 𝒦, (1) 

𝑃HPU,𝑘
heat = 𝑊HPU,𝑘

heat 𝑟HPU,𝑘
COP,heat⁄ , ∀𝑘 ∈ 𝒦,  (2) 

 

Figure 1  Assumed configuration of demand-side 

energy system for household [3] 

where 

�̂�HPU,𝑘 ≜ {𝜂HPU if  �̂�𝑘 ≤ 𝑇DTH

1 otherwise     
, ∀𝑘 ∈ 𝒦,  (3) 

𝑟HPU,𝑘
COP,heat,on ≜ {

𝑟HPU,𝑘
COP,heat if  0 < 𝑃HPU,𝑘

heat

0 otherwise      
, ∀𝑘 ∈ 𝒦,  (4) 

with 𝑘 is a time section number, 𝒦 ≜ {1,2,⋯ } is a 

finite set of 𝑘, �̂�HPU,𝑘 is a predicted coefficient of 

the HPU at 𝑘 indicating whether there is a reduc-

tion in efficiency due to a defrosting operation, 

𝛼HPU
heat, 𝛽HPU

heat, 𝛾HPU
heat, and 𝛿HPU

heat are regression coeffi-

cients for the calculation of the COP of the HPU, 

�̂�𝑘 is a predicted outdoor temperature at 𝑘, 𝑇HWT,𝑘 

is the stored water temperature of the HWT at 𝑘, 

𝑇HPU,𝑘
heat  is a potential of the target heating tempera-

ture of the HPU at 𝑘, 𝑟HPU,𝑘
COP,heat is a potential of the 

COP of the HPU at 𝑘, 𝑊HPU,𝑘
heat  is the output thermal 

power of the HPU at 𝑘, 𝑃HPU,𝑘
heat  is the input electri-

cal power of the HPU at 𝑘, 𝜂HPU is the efficiency 

of the HPU at the defrosting operation, 𝑇DTH is a 

threshold value of the outside temperature for 

switching between a normal operation and the de-

frosting operation of the HPU, named as a de-

frosting threshold (DTH) temperature, 𝑟HPU,𝑘
COP,heat,on 

is the COP of the HPU at 𝑘. 

2.3  Dynamics of CO2 emission factors 

The dynamic CO2 factors are estimated by 

method A in Reference [5]. The estimated factors 

exhibited high values when thermal power genera-

tion is high in the area’s energy mix and low when 

PV output is high. In this context, the DES is ex-

pected to plan its operation schedules such that 

surplus PV power is sold when the CO2 factor is 

high and grid power is purchased when the factor 

is low, thereby reducing overall CO2 emissions. In 

other words, it is anticipated that the technology 

selection and operation scheduling of the DES 

using the factors will render it less likely to issue 

output control commands. 

2.4  Modified part of optimization model 

The Static CO2 emissions formula expressed 

as Equation (106) in Reference [3] for the 
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JOP-TSCPOS-DES can be replaced by the dy-

namic CO2 emissions formulas as follows: 

[𝐺
ele,buy,PR

𝐺ele,sell,PR
] ≜ [

∑ (�̂�𝑘
ele𝑃ESM,𝑘

buy
𝛥𝑘)𝑘∈𝒦

∑ (�̂�𝑘
ele𝑃ESM,𝑘

sell 𝛥𝑘)𝑘∈𝒦

],  (5) 

where 𝛥𝑘 is a granularity of the time section, �̂�𝑘
ele 

is the predicted dynamic CO2 emission factor of 

the electric utility at 𝑘 , 𝑃ESM,𝑘
buy  and 𝑃ESM,𝑘

sell  are 

buying and selling power measured by the ESM at 

𝑘 (buying power from and selling power to the 

utility by the DES consumer), respectively, 

𝐺ele,buy,PR and 𝐺ele,sell,PR are the pro-rated (PR) total 

CO2 emissions and emission reductions from buy-

ing and selling power, respectively. 

3. Case study 

This paper analyzes the impact of changing 

the CO2 emission factors from static to dynamic on 

both optimal technology selection and operation 

scheduling, using the instance of Case 2by in Ref-

erence [3]. 

3.1  Simulation conditions 

The objective in Case 2by is to find technol-

ogy selection and operation schedules that mini-

mize the life cycle CO2 emissions for a 

four-person household in Fukui, Japan. Important 

conditions are the planning period 𝒦 is 5 days (𝛥𝑘 

is 1 hour, mixed sunny, cloudy, and rainy days in 

December of winter when both electricity and hot 

water demands are high and the required capacities 

of various equipment are expected to be maxim-

ized), PVA and STC are only installed on the roof 

(maximum installation area is 80 m2), and there 

are no output control commands for surplus power 

sales (power can be sold up to the lead-in wire 

capacity of 6 kW). 
The setting of the static and dynamic CO2 

emission factors for this case study are shown in 

Figure 2 (a). The dynamic factors were estimated 

using Hokuriku Electric Power Transmission & 

Distribution Company’s actual area supply and 

demand [6] for the fiscal year 2023, and the values 

of the dynamic factors are adjusted so that the av-

erage values of the dynamic and static factors 

match Hokuriku Electric Power Company’s ad-

justed average CO2 emission factor [7] for the fis-

cal year 2023. 

3.2  Simulation results 

Table 1 shows the comparison of computed 

technology selection (introduction selection and 

capacity planning for the equipment) for the DES 

under the different CO2 emission factors. As 

shown in Table 1, although the equipment intro-

duction selection remained unchanged between the 

static and dynamic cases, it can be observed that in 

the dynamic case, the capacity of the VCD  

Table 1  Comparison of computed technology 

selection (introduction selection and capacity 
planning for equipment) for demand-side energy 

system under different CO2 emission factors 

Factor  

types 

Equipment capacity types 

𝐶PVA
∗  𝐶HPC

∗  𝐶BCD
∗  𝐶VCD

∗  𝐶BAT
∗  𝐶BEV

∗  𝐶PSU
∗  𝐶SDB

∗  

[kW] [kW] [kW] [kW] [kWh] [kWh] [kW] [kW] 

Static 15.9 9.4 - 1.4 - 35.8 9.4 3.5 

Dynamic 15.9 9.2 - 2.6 - 35.8 9.2 3.2 

Increase 0.0% -2.1% - 85.7% - 0.0% -2.1% -8.6% 

Select ✓
∗
 ✓

∗
 ✗

∗
 ✓

∗
 ✗

∗
 ✓

RM,∗
 ✓

∗
 ✓

∗
 

Factor  

types 

Equipment capacity types 

𝐶GWH
∗  𝐶HWT 𝑉HWT

cap
 𝑁STC

∗  𝐶HPU
heat,∗

 𝐶GEV
∗  𝐶ESM

∗  𝐶ESM
use,∗

 

[kW] [kWh] [L] [item] [kW] [L] [kW] [kW] 

Static 15.0 41.6 370 - 11.7 - 6.0 6.0 

Dynamic 15.0 41.6 370 - 11.0 - 6.0 6.0 

Increase 0.0% 0.0% 0.0% - -6.0% - 0.0% 0.0% 

Select ✓
∗
 ✓

RM
 ✓

RM
 ✗

∗
 ✓

∗
 ✗

RM,∗
 ✓

∗
 ✓

∗
 

Here, 𝐶𝑒
∗, ∀𝑒 ∈ {PVA, HPC, BCD, VCD, BAT, BEV, PSU, SDB, GWH, GEV}  and 

𝐶HPU
heat,∗ are the computed capacity of 𝑒 and the HPU, respectively, 𝑁STC

∗  

is the computed number of panels of the STC, 𝐶HWT and 𝑉HWT
cap  are the 

set capacity of the HWT in energy and volume, respectively, 𝐶ESM
∗  and 

𝐶ESM
use,∗ are the computed contracted power for and maximum utilization 

capacity of the ESM, respectively, ✓
∗
 and ✗

∗
 are the computed selec-

tion of introduction and non-introduction of the equipment, respectively, 

✓
RM,∗

 and ✓
RM

 are the computed and set selection of introduction and 

non-introduction of the equipment with RM capacity, respectively, 

where 𝑒 is an index variable. 

Table 2  Comparison of computed 5-day 

pro-rated costs and CO2 emissions for de-

mand-side energy system under different CO2 

emission factors 

Factor  

types 

Cost types [JPY] 

𝑌ele,PR,∗ 𝑌gas,PR,∗ 𝑌water,PR,∗ 𝑌oil,∗ 𝑌ini,DC,∗ 𝑌total,PR,∗ 

Static 4,873 1,304 1,289 0 20,951 28,416 

Dynamic 4,828 1,208 1,289 0 21,212 28,536 

Increase -0.9% -7.4% 0.0% - 1.2% 0.4% 

Factor  

types 

CO2 emission types [kg-CO2] 

𝐺ele,PR,∗ 𝐺gas,PR,∗ 𝐺water,PR,∗ 𝐺oil,∗ 𝐺ini,DC,∗ 𝐺total,PR,∗ 

Static 40.15 10.55 2.21 0.00 39.97 92.86 

Dynamic 44.92 9.69 2.21 0.00 40.20 97.00 

Increase 11.9% -8.2% 0.0% - 0.6% 4.5% 

Here, 𝑌𝑥,PR,∗ and 𝐺𝑥,PR,∗ are the computed PR cost and CO2 emissions of 

𝑥, respectively, 𝑌oil,∗ and 𝐺oil,∗ are the computed gasoline cost and CO2 

emissions of the GEV, respectively, 𝑌ini,DC,∗ and 𝐺ini,DC,∗ are the com-

puted depreciation (DC) cost and CO2 emissions of equipment, respec-

tively, ∀𝑥 ∈ {ele, gas, water, total}, where 𝑥 is an index variable, ele is an 

abbreviation of electricity. 

increased by 85.7%, while the capacity of the HPU 

decreased by 6.0% compared to the static case. 

This suggests that the dynamic CO2 emission fac-

tors, which reflect the thermal power generation 

ratio of the utility, have the potential to modify the 

capacity of certain energy storage systems, yet 

may not be sufficient to alter the equipment intro-

duction selection. Moreover, to induce changes in 

the equipment introduction selection, it may be 

preferable to utilize dynamic electricity rates that 

are subject to manual adjustments by electric utili-

ties or similar entities. 

Table 2 shows the comparison of computed 

5-day pro-rated costs and CO2 emissions for the 

DES under different CO2 emission factors. From 

Table 2, it is confirmed that both the total cost and 

the total CO2 emissions remain nearly unchanged. 
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In particular, in the dynamic case compared to the 

static case, the gas cost and gas CO2 emissions 

decreased by 7.4% and 8.2%, respectively, which 

indicates an improvement in the electrification rate 

of the supply energy used to meet hot water de-

mand. On the other hand, while the CO2 emissions 

from electricity increased by 11.9%, the deprecia-

tion-related CO2 emissions of the equipment 

showed almost no increase. This suggests that the 

increase in the depreciation CO2 emissions due to 

the introduction of new equipment outweighs the 

CO2 reduction achieved by operating. In other 

words, insufficient equipment has been introduced 

to fully realize the benefits of dynamic factor's 

operation. 

Figure 2 also presents the comparison of 

computed 5-day supply and demand schedules for 

the demand-side energy system under different 

CO2 emission factors. In Figure 2, the BEV 

charging times are depicted by horizontal bar 

graphs, and it can be observed that in the dynamic 

case, the charging periods during the low CO2 

emission factor hours have shifted relative to the 

static case. This indicates that operation schedules 

aligned with the dynamic CO2 emission factors 

were implemented. Furthermore, in Figure 2 (c) 

for the dynamic case, on sunny days (Day 1 and 

Day 3) there are periods during which surplus 

power from the PVA is used as the input power for 

the HPU that is, renewable energy 

self-consumption is observed. However, since the 

majority of the surplus PV power is used for grid 

sales, even with the dynamic factors considered, 

the suppression of reverse power flow was not 

achieved. This is likely because power sales are 

assumed to yield a CO2 reduction effect equivalent 

to the emission factor maintained by the utility. 

Moreover, grid sales, which are not affected by 

conversion efficiency losses, are prioritized over 

self-consumption, where such losses reduce the 

CO2 reduction benefit. 

In any case, even with the simultaneous opti-

mization of technology selection and operation 

scheduling aimed at minimizing CO2 emissions by 

incorporating dynamic factors for current RE 

equipment, the reduction of output control com-

mands may not be achieved. This suggests that 

further technological innovations, such as cost 

minimization incorporating dynamic electricity 

rates and efficiency improvements in existing RE 

equipment, may be necessary to reduce output 

control commands. 

Figure 3 presents the comparison of computed 

5-day total output thermal energy and the varia-

tions in the outputs/COPs of the HPU for the DES 

under different CO2 emission factors. From the left 

panel of Figure 3, it can be observed that the elec-

trification rate increased by 3.1 percentage points 

in the dynamic case compared to the static case.  

 
Here, 𝑔ele and �̂�𝑡

ele are the set static and dynamic CO2 emission factor 

at 𝑡, respectively, �̂�AEL,𝑡 is a set predicted demand power of the AEL at 

𝑡, 𝑃HPU,𝑡
heat,∗ is the computed input power of the HPU at 𝑡, 𝜂HPC,𝑡

∗ , 𝑃HPC,𝑡
P2H,∗, 

and 𝑃HPC,𝑡
V2H,∗ are computed conversion efficiency, output power from the 

PVA to the PSU, and charging/discharging power from the VCD to the 

PSU (positive is discharging to the PSU) of the HPC at 𝑡, respectively, 

𝑃ESM,𝑡
∗  is a computed trading power measured by the ESM at 𝑡 (positive 

is buying power from the utility by the DES consumer), where 𝑡 is an 

index variable for continuous time. 

Figure 2  Comparison of computed 5-day supply 

and demand schedules for demand-side energy 

system under different CO2 emission factors 

 

Figure 3  Comparison of computed 5-day total 

output thermal energy and variations in out-

puts/coefficients-of-performance of heat pump unit 

for demand-side energy system under different 

CO2 emission factors 

Meanwhile, from the central panel, it is confirmed 

that in the dynamic case, the difference between 

the maximum (equal to the capacity) and median 

output power of the HPU increased by 3.2 kW 

relative to the static case. This indicates that the 

HPU tends to operate under lower load conditions 

in the dynamic case, underscoring the importance 
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of considering dynamics [3]. Additionally, from 

the right panel, the median COP of the HPU in-

creased by 0.1 in the dynamic case compared to 

the static case, indicating improved operational 

efficiency of the HPU. In summary, adopting the 

more realistic dynamic emission factors instead of 

the static ones not only emphasizes the importance 

of accounting for dynamics but also suggests that 

the previously underestimated benefits of im-

proved electrification and efficiency of the HPWH 

can be appropriately assessed. 

4. Conclusion 

This study investigated the impact of incorpo-

rating dynamic CO2 emission factors into the bot-

tom-up DES model for a household. Simulation 

results indicate that while the overall equipment 

introduction selection remains unchanged between 

the static and dynamic cases, the capacity planning 

is significantly affected. In particular, the capacity 

of the VCD increased by 85.7%, and the capacity 

of the HPU decreased by 6.0% under the dynamic 

CO2 emission factors. These findings suggest that 

dynamic factors, which more accurately reflect the 

utility’s time-varying energy mix, can influence 

specific aspects of the DES design, especially in 

terms of storage system capacities, without neces-

sarily altering the initial equipment selection. 

Furthermore, the analysis reveals that dynamic 

CO2 emission factors lead to noticeable shifts in 

operation schedules, such as modified BEV 

charging times and improved operational efficien-

cy of the HPWH (as evidenced by an increased 

median COP and higher electrification rates). 

However, the overall system cost and total CO2 

emissions remain nearly unchanged, implying that 

the current level of equipment adoption may not be 

sufficient to fully harness the benefits of dynamic 

operation. This underscores the potential need for 

complementary strategies, such as dynamic elec-

tricity rates, to further optimize DES performance 

and reduce output control commands. 

Future work will extend simulation periods, 

explore diverse seasonal and regional scenarios, 

and integrate advanced planning strategies to en-

hance the DES design, thereby supporting Japan’s 

green transformation initiatives more effectively. 
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