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Abstract 

Predicting the effects of energy conservation policies is 

useful in policymaking. However, there are multiple 

stakeholders in the building sector, whose interactions 

require consideration. In this paper, we developed multi-

agent simulation for an office building with the owners 

and tenants as agents. As a result, we found that in 

addition to policies, more energy efficiency and 

conservation could be achieved when the preferences of 

the tenants change. Further studies using this model may 

contribute to the planning of future policies to achieve a 

decarbonized society. 

Key Innovations 

• Modeled the decision-making of multiple 

stakeholders and examined their interactions 

• Studied the effects of policies and their 

combinations before implementation 

Practical Implications 

The simulation model developed in this study 

demonstrates the decisions of building owners to renovate 

and reconstruct buildings and those of tenants to relocate, 

from the perspective of energy conservation. Through this 

model, the effect of a policy or combination of policies 

can be predicted during planning and thus investigated in 

advance. 

 

Introduction 

The reduction in greenhouse gas (GHG) emissions is a 

major global concern. At the 21st Conference of the 

Parties (COP21) to the United Nations Framework 

Convention on Climate Change (UNFCCC) in 2015, the 

Paris Agreement was adopted as an international 

agreement on environmental issues. In response to this 

agreement, Japan has set a target to reduce carbon dioxide 

(CO2) emissions by 26% from 2013 to 2030. In addition, 

the Japanese government has committed to reducing real 

GHG emissions to zero by 2050, and increasing efforts 

are being made toward the realization of a decarbonized 

society. To achieve this goal, the promotion of 

environmentally-friendly buildings is urgently required, 

and support from a political perspective is essential to 

ensure energy efficiency. 

In addition to Europe and the United States, Japan has also 

promoted energy-saving policies, with through the 

introduction of subsidies, tax incentives, loans, and other 

forms of financial assistance. In Japan, subsidy programs 

for buildings have been announced through the Building 

Energy Efficiency Act by the Ministry of Land, 

Infrastructure and Transport (2015) and several other 

ministries. In practical applications, it is difficult to 

evaluate energy conservation policies in buildings 

through real demonstrations because of the high economic 

and time costs involved; therefore, there are generally 

verified using simulations. Xin Liang et al. (2019) studied 

the effectiveness of building energy policies using an 

agent-based model, where the main agents are the 

government and building owners. Mengda Jia et al. 

(2019) modeled the behavior of office building occupants 

considering them as agents and studied their lifecycle 

energy use, but they did not consider the decisions of the 

owner in the performance of the office building itself. 

Claudio Nägeli et al. (2020) used an agent-based model to 

study how owner decisions on new construction, 

renovation, and facility upgrades affect energy demand 

and GHG emissions in residential buildings. However, 

they did not consider the decision-making process of 

building owners and tenants in rental buildings, where the 

renovation and usage entities are different.  

Furthermore, few studies have conducted simulations that 

incorporate the decision-making of multiple stakeholders, 

or explored the counteracting and synergistic effects of 

combining policies, leading to difficulties in examining 

the effectiveness of current policies in advance. To 

achieve efficient policy planning, the mechanism and 

significance of these policies require estimation. 

Therefore, the purpose of this study was to develop a 

simulation model for an office building area, with the 

building owners and tenants as agents, predict the effects 

of energy conservation policies and the increase or 

decrease in the effects through different combinations, 

and contribute to the planning and investigation of 

optimal policies. In addition, this study describes the 

energy efficiency and CO2 emissions of office buildings 

in the case of subsidies for renovation and improved 

orientation of tenants toward energy conservation. 

Although there are subsidy policies for new construction, 

the annual ratio for new construction and the overall 

subsidy amount are small, which limits the number of 

buildings that can be granted. In this context, it is 

necessary to focus on the existing building stock and 

promote energy efficiency and conservation through 

renovation. In this study we chose renovation subsidies as 

a policy that can be implemented. 
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Methods 

Energy efficiency and conservation performance of 

buildings are determined through the decisions of 

multiple stakeholders. In this study, we used a multi-agent 

simulation which is a bottom-up simulation method 

wherein multiple behavioral elements called “agents” 

autonomously determine their own actions based on the 

surrounding situation; changes in the overall situation can 

be observed as the sum of their actions. In this model, we 

set up two types of agents: building owners (OA), who 

directly make decisions on reconstruction and renovation, 

and tenants (TA), who are directly involved in the revenue 

process of the office building. 

Explanation of Model 

An overview of the simulation model used in this study is 

shown in Figure 1. The building owners change the rent, 

reconstruct, and renovate the building to maximize their 

own profit. Tenants, on the other hand, relocate to new 

offices that meet their requirements. At this time, tenants 

choose the building that maximizes their own utility, 

based on the rent and performance of each building. The 

energy performance of office buildings varies owning to 

the behavioral interactions of building owners and tenants. 

As an initial setup, 1,000 buildings in Chuo-ku, Tokyo 

with available geographic information were used in 

simulation. The 1,000 owners were set as OA and the 

corresponding 10,233 tenants as TA as shown in Table 1. 

Chuo-ku is one of the areas in Tokyo where office 

buildings are concentrated, with approximately 3,500 

office buildings (excluding complex buildings). This 

simulation is considered large enough to reproduce the 

characteristics of office districts in Tokyo and simulate 

the various conditions of office buildings. In addition, 

because of the nature of this simulation, the vacancy rate 

for buildings that are very small will be significantly high, 

and calculations cannot be accurately performed. 

Therefore, we limited the simulation to office buildings 

with a total floor area of ≥ 1,000 m2. 

To use Data-base for Energy Consumption of 

Commercial buildings (DECC) data from Japan 

Sustainable Building Consortium (2016), we set the initial 

values of primary energy consumption intensity for 1,000 

buildings using the generalized linear model, a type of 

statistical modeling. We also used the Building Energy-

efficiency Index (BEI; ratio of the energy consumption of 

a building compared to the average value in Japan) to 

measure the energy efficiency of the building (equation 

(1)). 

BEI =  
𝑒−𝑒𝑂𝐴𝐸

𝑒𝑟𝑒𝑓
                              (1) 

where 

e :  primary energy consumption unit [MJ/(m2･year)], 

eOAE : primary energy consumption unit for office 

automation equipment (363.94 [MJ/(m2 ･ year)]), eref : 

standard primary energy consumption unit without office 

automation equipment (1395.79 [MJ/(m2･year)]) 

Figure1: Model flow 

Table1: Initial setting 
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The relationship between primary energy consumption 

and CO2 emissions was then obtained based on the 

guidelines of the Ministry of the Environment (2017) as 

equations (2), (3), and (4). In addition, CO2 emissions 

were calculated representative of electricity use and gas 

use, which account for the largest share of emissions in 

this study. Moreover, we were unable to obtain the usage 

ratio for each office building; hence, we used the actual 

data from the survey conducted by the Building-Energy 

Manager’s Association of Japan (2020) from April 2018 

to March 2019 to calculate the ratios of electricity and gas 

to primary energy consumption per unit of production, 

which were 0.86 and 0.14, respectively. 

CO2ele = 
𝐸𝑟𝑎𝑡𝑒×𝑒

𝐸𝑝𝑒
 × CO2EFE                 (2) 

CO2gas = Grate × e × CO2EFG                (3) 

CO2emi = CO2ele + CO2gas       (4) 

where 

CO2ele : CO2 emissions from electricity use [kgCO2/(m2･
year)], Erate : electricity rate (0.86 [-]), Epe : primary 

energy equivalent of electricity (9.76 [MJ/kWh]), 

CO2EFE : CO2 emission factor for electricity (0.462 

[kgCO2/kWh]), CO2gas : CO2 emissions from gas use 

[kgCO2/ (m2･year)], Grate : gas rate (0.14[-]), CO2EFG : 

CO2 emission factor for gas (0.0499 [kgCO2/MJ]), 

CO2emi : CO2 emissions [kgCO2/ (m2･year)] 

Setting of Building Owner Agent 

OAs change rents, reconstruct, and renovate the buildings 

to maximize their profits. 

According to an office report by Miki Shoji (2019), the 

decision to change rents depends on the vacancy rate. 

Based on the actual data in the report, we decided to 

decrease the rent by 70 yen/m2 if the vacancy rate for 

more than 6 months was above 21%, and increase it by 

7.9 yen/m2 if that was below 14%. The initial rent was set 

using a random number consisting of a normal 

distribution with a mean rent of 5,835 yen/m2 in Chuo-ku 

and a standard deviation of 208 yen/m2 

OA reconstructs the old office buildings. Based on a 

survey conducted by Building and Equipment Long-life 

Cycle Association (2011), we decided to uniformly 

reconstruct buildings when their age was 50 years. The 

total floor area and information about the location of the 

building will not change, only BEI and age of the building 

will change after reconstruction. We calculated the 

revenue for each BEI and reconstructed the building with 

BEI that maximized net expected revenue, NB. In this 

study, subsidies for new construction were uniformly 

calculated as zero.  

Revenue calculation was performed as shown in equation 

(5). NBi,BEI of building i was determined by the 

construction cost ICi,BEI in each BEI band, expected rental 

income Bi,BEI  and operating cost RCi,BEI . Herein, the 

period of revenue calculation Ppay was set to seven years 

as obtained from a survey by the Japan Real Estate 

Institute (2017). A higher BEI resulted in a larger ICi,BEI, 

and, thereby, a smaller RCi,BEI , as shown in Figure 2, 

because the utility cost can be reduced. The Bi,BEI  was 

calculated by multiplying the average rent of buildings in 

the BEI zone by (1 – average vacancy rate). 

NBi,BEI = －ICi,BEI + (Bi,BEI － RCi,BEI) Ppay   (5) 

where 

NBi,BEI : net benefit when building 𝑖  is in BEI zone, 

ICi,BEI: initial cost when building 𝑖 is in BEI zone, Bi,BEI : 

annual benefit from rent when building 𝑖 is in BEI zone, 

RCi,BEI : annual running cost when building 𝑖  is in BEI 

zone,  Ppay: payment calculated period 

According to the renewal period for major building 

equipment with high energy consumption by Building and 

Equipment Long-life Cycle Association (2014), OAs 

renovate every 20 years. The amount of primary energy 

consumption to be reduced by energy conservation 

renovation depends on the investment amount; the initial 

investment amount, in, and the amount of reduction in 

primary energy consumption were determined as shown 

in Figure 3. 

The amount, in, that the building owner invests in energy 

efficiency and conservation renovation was determined as 

shown in Figure 4.  The in is the maximum amount that 

can be recovered within the standard payback year, P, by 

the reduction in utility costs, EBin , and the expected 

 

Figure2: Relation between energy consumption per 

unit and construction cost 

 

Figure3: Relation between renovation initial cost 

and reduced primary energy consumption 
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increase in rental income, REin, as shown in equation (6). 

Among the buildings with similar conditions, if the rental 

income of the building with the best BEI was higher, the 

increase in rental income REin  would be larger. The 

primary energy consumption of each building will 

increase by approximately 10% over 20 years because 

building facilities gradually deteriorate over a long period 

of time, even without major failures. 

                        P×( EBin+REin ) ≧   in     (6) 

where 

P : payback period [year], in : investment per area for 

energy-saving renovation [yen/m2], EBin : amount of 

utility cost reduction per area added when the investment 

goes from in-500 to in  [yen/m2], REin: expected increase 

in rental income per area added when the investment  goes 

from in-500 to in [yen/m2] 

Setting of Tenant Agent 

According to a survey by Mori Building (2017), the 

primary reason tenants of an office building relocate is to 

increase or decrease their workers. Although other factors, 

such as business performance and rent could also be 

considered, we selected an increase or decrease in the 

number of workers as the representative reason for tenant 

relocation because an analysis by the Ministry of Health, 

Labor and Welfare (2013) revealed that the number of 

office workers changes in accordance with changes in the 

GDP. 

TA was expected to relocate to a new office building 

when the number of office workers increased or decreased 

by more than 2% at the time of contract renewal (every 

two years), and a multinomial logit model, which is a 

discrete choice model, was used to select the new office 

building. The probability of the tenant selecting an office 

building was determined by the utility size of selecting 

each office building. The selection probability pi of 

building i in equation (7) was determined from the utility 

v of each building. Several factors may affect the tenants’ 

choice of office building, and those that have a large 

impact and can be reproduced in this model are used as 

variables to determine the utility vi in equation (8). The 

terms used in the utility have different units and cannot be 

used in those forms; therefore, they were all standardized. 

p
i
 = 

exp(vi)

∑ exp(vj)j
                             (7) 

       vi = α0 + αRentRenti + αAreaAreai  

+ αAgeAge
i
+ αPassengerPassenger

i
       (8) 

where 

p
i
: selection probability of building i  [-], vi : utility of 

building i  [-], α0 : utility intercept [-], αRent : utility 

parameter for Rent [-], αArea: utility parameter for Area [-], 

αAge : utility parameter for Age [-], αPassenger : utility 

parameter for Passenger [-], αDistrict: utility parameter for 

District [-], 

The utility weighting parameter α in equation (8) is a 

weighting of the TA values, and it must be highly accurate. 

However, as no quantitative data on the determinants of 

the choice of offices by the tenant were available in the 

literature, we estimated it through optimization 

calculations in the simulation. Because the items that 

tenants consider important are reflected in the increasing 

rents of office buildings, the individual rents of 100 actual 

office buildings were calculated and used as the 

evaluation standard so that the individual rents were 

reproduced in the simulation. The parameters of the 

calculation results are shown in Table 2, and the 

individual rents and actual rents calculated using the 

determined parameters are shown in Figure 5. The 

correlation coefficient was 0.69, indicating that the actual 

values were reproduced relatively well. Figure 6 shows 

the area-wise distribution of rents at the end of the 

simulation conducted with 1,000 buildings and 10,233 

tenants. We observed that rents are high in the area around 

Tokyo Station and the District, which is designed as a 

high-level usage district, whereas rents are low in the area 

to the east, where there are no major stations. 

Results 

In this study, we predicted the transition of energy 

efficiency and conservation indicators and CO2 emissions 

when renovation subsidies and the orientation of tenants 

toward energy conservation increased. 

Table2: Utility parameters 

 

 

 
Figure5: Actual and 

calculated rents 

Figure6: Rent 

distribution by 

simulation 

 

Figure4: Renovation flow 
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The calculation period was 32 years, from 2019 to 2050, 

and the calculation interval was one month. In addition to 

reduce the risk of errors caused by randomness in this 

simulation, we run 30 iterations for each scenario. 

Renovation Subsidies 

For the renovation subsidies, we studied the variations in 

the total annual amount to be distributed and the subsidy 

rate to be provided per building. The observed patterns are 

shown in Table 3. 

In the renovation subsidies, there were no conditions for 

achievement, such as BEI, and subsidies were given to all 

buildings that were renovated on an annual basis, in order 

of primary energy reduction efficiency. Figure 7 shows 

that the building owner bears a portion of the initial 

investment at the subsidy rate of rret, so that the building 

owner bears a ratio of 1 - rret when a subsidy is given. 

Therefore, building owners can invest more in energy 

efficiency and conservation renovations till the standard 

payback year. In addition, the subsidy only covers a part 

of the investment amount, hence, it does not change the 

additional 500 yen/m2 per investment. 

As shown in Figure 8, average BEI has been improving 

since a relatively early stage until approximately 2030. On 

the other hand, it can be seen that BEI worsens from 

approximately 2035 and converges around BEI near the 

beginning of the simulation. This may be because BEI of 

buildings that have received subsidies, and undergone 

energy efficiency and conservation renovation will be 

reset because of the reconstruction of buildings from 2035. 

In particular, in this model, we assumed that buildings 

will be reconstructed after 50 years; therefore, several of 

these built in the late 1980s will be reconstructed around 

2035, and the effects of energy efficiency and 

conservation renovation up to that time will converge. 

Often, the buildings to be renovated are some years of age. 

However, when providing subsidies for renovation, not 

only the short-term perspective of whether the energy 

reduction efficiency is good for one year should be 

considered, but also the long-term perspective of how the 

buildings that have undergone energy efficiency and 

conservation renovation will remain in operation. 

As shown in Figure 9, while BEI effect converges, the 

time series of CO2 emissions shows a gradual downward 

trend. This may be because, although BEI apparently 

worsens when BEI is reset due to reconstruction, the 

overall emissions exhibit a downward trend. Nevertheless, 

no significant improvement was observed, indicating that 

it will be difficult to achieve a decarbonized society by 

2050 through only renovation subsidies. 

Moreover, though the total amount of renovation 

subsidies was unlimited, energy efficiency and 

conservation did not significantly increase (Figure 9 (e)). 

Although BEI improved to approximately 0.75 at one 

point, the effect converged thereafter. Therefore, it is 

inefficient to spend more than a specific subsidy for 

renovation, indicating that it should be utilized in 

combination with other subsidy. 

Energy Conservation Orientation of Tenants 

Current policies, such as renovation subsidies, aim to 

support the owners; however, we also examined the 

improvements in energy conservation when tenants 

become more oriented toward energy conservation. 

By adding a BEI term to the utility value vi in equation (8), 

which determines the probability of tenants choosing the 

office as shown in equation (9) and changing its weighting 

parameter αBEI , the orientation of TAs toward energy 

conservation improved. 

  vi = α0 + αRentRenti + αAreaAreai  

+ αAgeAge
i
+ αPassengerPassenger

i
       (9) 

   + αDistrictDistricti  + αBEIBEIi 

where 

αBEI: utility parameter for BEI [-] 

Because the performance of the building is better when 

BEI is smaller, αBEI  becomes negative when the 

orientation toward energy efficiency and conservation are 

high. We considered eight values for αBEI, ranging from 

−0.1 to −0.8. Unlike the other parameters, it is difficult to 

estimate αBEI  from actual data. For this reason, we 

established αBEI  as a case study and examined it in a 

parametric study. The range of αBEI was set with reference 

to the rent parameter. Figure 10 shows that when αBEI = 

−0.4, the weighting in this simulation was as large as the 

age of the building, and whether or not it is located in 

high-level usage districts. When αBEI  = −0.8, the 

weighting was as large as the utility of rent and total floor 

area. 

As many study patterns were observed, this paper only 

introduces the characteristic scenarios. Figure 11 shows a 

study of the transition of CO2 emissions under the subsidy 

rate (2/6) for renovation in the Energy Conservation 

Promotion Project for existing Buildings by the Ministry 

Table3: Renovation subsidy study patterns 

 

 

 

 

 

Figure7: Renovation flow when subsidies are 

granted 
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of Land, Infrastructure and Transport (2020). For 

comparison, the case where αBEI  = 0 is also shown. In 

terms of the relationship between the renovation subsidy 

and the orientation of tenants toward energy conservation, 

the energy efficiency and conservation effect of the 

renovation subsidy was dominant, as no effect of the 

change was observed on αBEI  in 2030. This is possibly 

because the orientation of tenants toward energy 

conservation is evaluated through the energy performance 

of the building, and the effect cannot be observed until 

BEI of the building improves at the time of renovation or 

reconstruction. Therefore, the effect of αBEI  becomes 

dominant, and when αBEI is −0.4 or −0.8, CO2 emissions 

can be readily seen to improve after 2035. The reduction 

Figure10: Comparison of 𝛼𝐵𝐸𝐼  with other parameters 

 

 

 

 

 

Figure8: BEI time series transition for various subsidy rates, (a): 1/6, (b): 2/6, (c): 3/6, (d): 4/6, (e): 5/6 

 

 

 

 

 

Figure9: CO2 emission time series transition for various subsidy rates, (a): 1/6, (b): 2/6, (c): 3/6, (d): 4/6, (e): 5/6 
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in CO2 emissions improves even with a small total 

subsidy amount. Therefore, the combination of subsidies 

for renovation, which have an early effect but are difficult 

to sustain, and the improvement in the orientation of 

tenants toward energy conservation, which requires 

longer time for a large final effect, can promote stable 

energy conservation and lead to a decarbonized society. 

Discussion 

Discussion of the Methods 

The agent-based model presented in this paper improves 

upon the general agent-based model by simulating the 

intersection of decision-making between the owner of an 

office building, the tenants who occupy the building, and 

multiple stakeholders; thus, it facilitates the investigation 

of the effects of policies and their combinations. Although 

only the prediction of the effect of a single policy is 

presented in this paper, it is possible to reproduce multiple 

policies by varying the parameters in the model. In 

addition, it is possible to examine the effects of policies 

such as subsidies and regulations on the decision-making 

process by modeling the decision-making process for 

reconstruction and renovation at the building level. This 

helps describe the temporal effects of policies in terms of 

energy-saving performance and CO2 emissions, and 

analyze in advance whether the policies are efficient and 

effective. 

Conversely, the approach of the agent-based model 

presented in this paper has several limitations. First, the 

model was constructed with only building owners and 

tenants as agents; however, in reality, the buildings have 

various stakeholders, including designers, constructors, 

and government agencies. In recent years, investment in 

environmentally conscious companies through ESG 

investment has been gaining attention; thus, investors and 

related entities can also be considered stakeholders in 

building energy conservation. Therefore, we conclude 

that the simulations will be more accurate, and decision-

making on appropriate policies can be improved by 

setting up a variety of agents. In addition, the simulation 

in this study was based on the assumption that tenants 

determine the BEI of all buildings. However, according to 

an awareness survey conducted by the Japan Building 

Owners and Managers Association (2016), many tenants 

are not aware of the energy efficiency and conservation 

performance of the buildings they occupy. An in-depth 

analysis of the parameters of orientation toward energy 

conservation may be achieved by investigating the 

methods through which tenants can easily determine the 

energy performance of their buildings. Second, in this 

paper, many parts of the model were developed with 

limited information. The model may be improved with a 

detailed description of the different types of owners and 

tenants, their decision-making processes, and criteria. 

However, at the current stage, quantitative data on the 

processes were lacking. Therefore, the model was 

developed using a simpler approach in many areas, such 

as the amount of rent changes, the time of reconstructing 

decisions, and the time of renovations. 

Discussion of Model Results 

The effect of the renovation subsidy explored in this paper 

was predicted by varying the total subsidy amount and 

rate in a parametric evaluation. The parameters were 

selected based on the subsidy programs and conditions 

issued by each ministry and agency, therefore, they are 

equally realistic. However, further improvements, such as 

policies with upper limits on the subsidy amount, and the 

possibility of varying the parameters within the 

simulation period to develop optimal policies, should be 

explored. We would like to continue our research and 

build more complex models to increase the number of 

policies that can be supported. In addition, when the data 

on effectiveness of policy become available, we would 

like to test the validity of the model by comparing the 

results with those obtained from the simulation. 

   

 

   

 

Figure11: CO2 emission time series transition, (a): αBEI = −0.1, (b): αBEI = −0.2, (c): αBEI = −0.4, (d): αBEI = −0.8 
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In terms of the improvement in the orientation of  tenants 

toward energy conservation, the time series graph shows 

that the time required was longer, and no apparent effect 

from the change in 𝛼𝐵𝐸𝐼  was observed before 2035; 

thereafter, the average BEI and CO2 emissions improved 

rapidly. This indicates that if tenants become more energy 

efficient, 1) tenants will prefer buildings with a better BEI, 

2) vacancy rates in buildings with a better BEI will 

decrease and rents will increase, and 3) building owners 

will be able to easily reconstruct or renovate buildings 

with a better BEI. As energy efficiency and conservation 

processes in these three steps, it is expected to take time 

until the effects become apparent. In real applications, 

building owners can respond and act upon the direct 

requests received from tenants through appeals; therefore, 

the effects may be observed at an earlier stage. 

Furthermore, we observed that it is difficult to achieve 

decarbonization with limited subsidies to owners; thus, 

continuous improvement in energy conservation 

orientation is required, though its impact is not immediate. 

On the other hand, although the index 𝛼𝐵𝐸𝐼  was used to 

increase the orientation, policies should also be explored 

to increase awareness of tenants so that they consider 

energy performance equally important as rent and 

location when moving into a building. 

Conclusion 

In this study, we used a simulation that models the 

behavior of building owners and tenants to predict 

changes in energy efficiency and conservation index and 

CO2 emissions when building energy-efficiency and 

conservation policies are implemented and tenants 

become oriented toward energy efficient buildings. 

We observed that renovation subsidies can have an early 

effect, but the effect converges in the long term. Moreover, 

as tenants become more oriented toward energy 

conservation, the effects require longer to become 

apparent; however, they can finally reduce energy 

consumption significantly. We also observed that 

combining renovation subsidies may lead to continuous 

improvement in energy conservation. If tenants become 

more oriented toward energy conservation, a synergistic 

effect occurs, such as owners adopting more energy-

efficient renovation or reconstruction practices to ensure 

tenants on their buildings, even with only renovation 

subsidies. 

To achieve a decarbonized society, the current policies 

alone are not sufficient, and the approach of raising the 

stakeholder awareness is required, which must be 

considered in future studies. 
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