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Abstract 

 
Recently, the integration of renewables such as photovoltaic panels, solar water 

heaters, ground-source heat pumps, and fuel cells into buildings is increasing. 

The increase of building-integrated renewables affects the energy mix, energy 

flows from the grid, CO2 emission, and energy system cost in cities. 

The urban-scale effects of increased building-integrated renewables have been 

investigated on a representative district (a Dong) in Seoul. Unlike the previous 

studies which did not consider non-solar renewables and the energy system 

configurations different for each building, this research considers the optimal 

building energy system (including ground-source heat pumps and fuel cells) for 

every building obtained by Linear Programming. Hourly electricity, cooling, and 

heating loads of each building have been estimated using the database of monthly 

electricity and gas usages in every building. The total capacity and energy supply 

of each renewable energy source, the renewable energy mix in residential and 

non-residential sectors, and variations in the electricity and gas flows from the 

grid to the district have been analyzed in detail. 

To carry out the investigation on a large city, the problem of long calculation 

time caused by a large number of buildings should be overcome. For example, 

the investigation on Seoul (over 105 buildings) may take more than two months. 

This research proposes a new framework for fast and accurate estimation of the 



total capacities and energy supply of the renewable energy sources and the 

variations in the energy flows from the grid in a large city (e.g. less than 2 days 

for Seoul). To reduce the number of optimizations, buildings with same building 

type, similar monthly electricity and gas usages, and similar roof area are 

categorized as a cluster, then a virtual representative building is generated for 

each cluster. Results from the optimizations for the representative buildings are 

linearly scaled considering the number of buildings and the total energy usage of 

each cluster. Consistency between the results from the proposed framework and 

the results from the optimization for every actual building has been validated by 

a case study on an aggregation of multiple districts (a Gu). 

Using the proposed framework, the collective effects of building-integrated 

renewables on a large city (Seoul) has been investigated for the first time. Two 

applications of the framework have been demonstrated− 1) the expected results 

of a future scenario of an obligation for building-integrated renewables; and 2) 

the variations in a total reduction in CO2 emission and the cost of a unit 

reduction in CO2 for varying renewable energy requirements for buildings. The 

framework developed by this research can be used as a reliable tool for 

quantitative policy design related to dissemination of building-integrated 

renewables. 
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Chapter 1. Introduction 
 
 
 
1.1 Building-Integrated Renewables in Urban Areas  

1.1.1 Increase of building-integrated renewables 

Buildings consume about 40% of the total energy in most of the developed 

countries [1]. Therefore, much effort has been made to save energy in buildings [2]. 

One option is to integrate renewable energy sources such as solar panels with 

energy storage, ground-source heat pumps, and small-scale fuel cells into buildings 

(Figures 1.1 ~ 1.4). These building-integrated renewable energy systems can 

provide multiple energy services (e.g., electricity, heat, and cooling [3]) on-site, 

facilitating decarbonization of urban areas [4], increased global energy efficiency, 

and decreased transmission capacity needs [5]. 

Therefore, many countries are promoting renewable energy in buildings [6]. In 

South Korea, for example, public buildings with a floor area over 1,000 m2 are 

obliged to satisfy 30% of their energy demands with renewable energy by 2020 [7]. 

Buildings in Seoul with a floor area over 3,000 m2 are also obliged to satisfy the 

renewable energy requirements (10% and 14% for residential and non-residential 

buildings, respectively) by 2023. 

 



Figure 1. 1. Photovoltaic panels on building rooftop 
(Picture from QAI). 

Figure 1. 2. Solar water heaters on building rooftop 
(Picture from greenlodgingnews). 



Figure 1. 3. Ground-source heat pump  
(Picture from Blodgett Supply). 

Figure 1. 4. Fuel cell for cogeneration  
(Picture from GreenSpec). 



1.1.2 Optimal renewable energy system for a building 

 Each building adopts a renewable energy system which is a combination of 

photovoltaic panels (PV), solar water heaters (SWH), ground-source heat pumps 

(GSHP), and fuel cells (FC). For each hour, the electricity load is met by the power 

grid, photovoltaic panel integrated with battery, and fuel cell. The cooling load is 

met by heat pumps (including common electric heat pump and ground-source heat 

pump). The heating load is met by gas boiler, solar water heater integrated with 

water tank, fuel cell, and heat pumps. 

As the capacities of renewable energy sources increase, the cost for purchase of 

electricity and gas from the grid decreases. However, installation of the renewable 

energy sources requires installation costs. Thus, for a cost-effective integration of 

renewables, it is desired to determine the optimal building energy system including 

renewables for the minimum total cost, which is the sum of installation cost of 

renewable energy sources and energy costs. The optimal capacity of each 

renewable energy source is determined considering the hourly energy loads of the 

building, operation characteristics of the energy sources, and the renewable energy 

requirement for the building. 

For decision of the optimal capacities of the renewable energy sources, many 

studies have been done on the design of optimal energy system for one building 

(including renewables) [8, 9]. Especially, minimization of the cost of energy 

capacities and hourly flows over a 1-year period via Linear Programming has been 

studied extensively [10-12]. 

 

 



 

 

 
Figure 1. 5. Schematic of the energy flows in a typical building energy system 

which includes renewable energy sources. 
 

 



1.1.3 Effects of the building-integrated renewables on urban areas 

 The number of buildings with renewables and the portion of renewable energy in 

the buildings are increasing. Then, the building-integrated renewable energy will 

become a meaningful part of energy mix for urban areas. For example, the energy 

supply from renewables in Seoul has been increased from 188.2 ktoe (2007) to 

316.8 ktoe (2016) due to the policies for integration of renewables into buildings 

based on financial supports and compulsory standards [13].  

This change means that the integration of renewable energy into individual 

buildings will significantly affect the electricity, heating, and cooling portfolio for 

the building sector of the urban area. As a result, the total electricity and gas from 

the grid to the buildings, and the CO2 emission will decrease. Also, considering the 

expected increase of solar energy sources, temporal profiles of the total electricity 

and gas from the central energy grid to the buildings in the urban area will vary 

significantly [14].  

Estimation of the capacity-based and energy-based building energy mix including 

the increased renewable energy sources, the decrease of CO2 reduction, and the 

increase of total cost will be helpful to energy policy makers and energy market 

investors. Furthermore, assessment of the effect of the building-integrated 

renewables on the total electricity and gas flows from the grid to the urban area 

over a 1-year period can help decision makers associated with power generation 

expansion planning or transmission system operation [15]. 

 

 

 



1.1.4 Difficulties for large cities 

As mentioned in 1.1.2, each building adopts the optimal renewable energy system 

for the building. Therefore, the assessment of the urban-scale effect of building-

integrated renewables should consider the optimal renewable energy systems 

different for every building to reveal the collective effects of the aggregation of the 

building-integrated renewables on an urban area. It should be noted that repeating 

the optimization for every building takes some time. The optimization problem for 

obtaining the optimal energy system of a building consists of tens of thousands of 

variables and constraints. Optimization for each building takes over a minute with 

MATLAB Optimization Toolbox on a high-performance PC, or more with an open-

source solver. 

The problem of time consumption becomes critical for investigation of the urban-

scale effects of building-integrated renewables on large cities with the large 

number of buildings (in the order of 105 or more). For example, Seoul, the capital 

of Korea, includes over 105 buildings with potential integration of renewables. 

Then, 105 optimizations are expected to take about two months or more. Such a 

long time makes a parametric study take more than a year. Thus, a generalized 

analysis on policies related to building-integrated renewables for a large city is 

currently impossible. 

Therefore, instead of optimization for every building, an alternative method for a 

fast and accurate estimation of the collective configuration and effects of building-

integrated renewables on a large city is required. 

 

 

 



1.2 Literature Review  
 
 
 
1.2.1 Renewable energy systems in a district or region 

 Many studies have been done on the effects of renewable energy systems for a 

district or a city or a region. However, most of such studies on the effect of 

renewable energy systems in a district focused on the integration of large-scale 

renewable energy systems such as solar and wind farms, and biomass plants for 

regional energy supply. The representative studies are listed below. 

Weber and Shah [16] investigated the district energy system composed of 

photovoltaic panels, solar thermal collectors, wind turbines, and district-scale 

cogeneration plant for an eco-town in the United Kingdom. According to the study, 

up to 20% of CO2 reduction could be achieved at no extra costs compared to the 

business-as-usual case. 

Hart and Jacobson [17] investigated the scenario of new energy mix composed of 

geothermal power plant, wind turbines, photovoltaic panels, solar thermal 

collectors, hydroelectric plants, and natural gas power plants for the California ISO 

operating area. This study analyzed the expected energy and capacity composition 

of energy portfolio of the area for minimum cost and minimum CO2 emission, and 

carbon intensity (CO2 emission per generated electricity) as a function of the 

penetration of wind and solar power.  

Hori et al. [18] investigated the optimal renewable energy system composed of 

photovoltaic panels, wind turbines, small and medium scale hydropower plants, 

geothermal power plants, and biomass cogeneration plants for cities and municipal 

areas in Japan. For a city, the effects of the renewable energy systems on CO2 



emissions, biomass resource circulation rate, and impacted ecosystem area have 

been analyzed in detail. 

Baek et al. [19] investigated the optimal renewable power generation systems 

composed of photovoltaic panels, wind turbines, and batteries for Busan, South 

Korea. The effects of the renewable power generation systems on the reduction in 

electricity purchase from the grid and emission have been analyzed. 

Karunathilake et al. [20] investigated the renewable energy system composed of 

centralized solar power plant, rooftop photovoltaic panels, and geothermal waste-

to-energy plant for energy supply to a new urban residential development. The 

effects of the renewable energy system on the reduction in annual energy from 

conventional energy sources and annual emissions have been analyzed. 

 

1.2.2 Collective impact of building-integrated renewables in an urban area  

A few previous studies have focused on the effect of the aggregation of building-

integrated renewable energy systems in multiple buildings (Figure 1.6) on a district 

or a region.  

Niemi et al. [21] studied the effect of integration of photovoltaic panels into 

buildings in Shanghai. The variation in the hourly profile of the total electricity 

consumption of Shangahai and the expected surplus energy from the photovoltaic 

panels have been analyzed.  

Garshasbi et al. [22] studied the hypothetical cluster of 10,000 residential 

buildings with photovoltaic panels. The effects of the aggregation of photovoltaic 

panels on the relative load variation of the cluster of residential buildings and 

decrease in electricity from the grid to the residential buildings in each month have 



been explained. 

Li et al. [23] studied the cluster of net-zero energy office buildings with 

photovoltaic panels, batteries, and ice tank thermal storagies. The effects of the 

renewables and storagies on the hourly profile of the total electricity consumption 

in the buildings have been analyzed. 

Seljom et al. [24] studied the transformation of about 50% of Scandinavian 

buildings into zero energy buildings including photovoltaic panels. The effects of 

the zero energy buildings on the Scandinavian electricity and heat generation 

portfolio, power dispatch, and energy cost have been analyzed. 

Kalaycıoğlu and Yılmaz [25] studied the aggregation of 42 nearly zero energy 

buildings including shotovoltaic panels and solar water heaters in an exemplary 

district. The effects of the building-integrated solar energy systems on the district's 

primary energy consumption and CO2 emission have been analyzed.  

Groppi et al. [26] studied an expected decrease in the non-renewable thermal and 

electricity needs of two urban areas by considering solar energy potential and the 

annual energy demand of each building in the two areas.  

Although the aforementioned studies give some insights for the collective impact 

of building-integrated renewables on urban areas, there are two major limitations of 

the studies. First, only solar energy sources have been considered as the building-

integrated renewables. In reality, other renewable energy sources such as ground-

source heat pumps and fuel cells can also be integrated into buildings. Second, it is 

unclear whether the solar energy system configuration for each building has been 

optimized. In reality, every building would adopt a minimum-cost set of renewable 

energy systems considering the energy loads of each building.  



 

1.2.3 Urban-scale frameworks for the energy systems for buildings 

There are many frameworks for estimation on urban building energy modeling 

[27]. Figure 1.8 shows an example of the estimated distribution of heating demand 

and the profiles of total energy loads of buildings over a 1-year period in an urban 

area. However, only a few frameworks have focused on determination of the 

energy systems for buildings in an urban area.  

The framework developed by Chung et al. [28] estimates energy load of an urban 

district with given hourly energy demands per floor area for each building type, 

then suggests a set of capacities of the district-scale generator, refrigerator, and 

boiler.  

The framework developed by Best et al. [29] suggests building type mix and 

choices of cogeneration engines and chillers for high overall efficiency, low total 

cost, and low emissions considering district energy load based on energy loads of 

each building type simulated with EnergyPlus software.  

The framework developed by Ji et al. [30] estimates the proper superposition of 

buildings in a regional to reduce the peak of the total hourly cooling and heating 

loads of the buildings, then suggests the configuration of centralized heating and 

cooling systems for economic benefit. 

The framework developed by Fonseca et al. [31, 32] estimates the spatial 

distribution of hourly energy loads in all buildings in a district. Then, the 

framework suggests total capacities of energy solutions like capacities of boilers 

and heat pumps for district heating, photovoltaic panelss, etc.  



In summary, the listed frameworks estimate the total hourly energy demand of an 

urban area and decide the urban-scale energy system configuration. However, these 

purposes are different from the aforementioned requirements– fast estimation of 

the collective configuration and effects of increased building-integrated renewable 

energy systems in a large city, considering the optimal renewable energy systems 

different for every building. 

 

 

Figure 1. 6. Hourly profile of the total electricity supply of an energy mix 
including renewables in an urban region (from [17] (Reprinted with 

Permission from Elsevier)). 
 

 



 

 

 

 

Figure 1. 7. Energy flow in the cluster of multiple buildings including 
renewable energy sources (from [22] (Reprinted with Permission from 

Elsevier)).   
 

Figure 1. 8. Distribution of heating demand and the total energy loads of 
buildings in an urban area (from [27] (Open Access)). 

  
 
 



1.3 Motivation and Research Objectives 
 

 
 
The increase of building-integrated renewables in the urban areas is expected to 

affect the energy mix and energy flows from the grid of the urban areas. Therefore, 

it is desired to investigate the urban-scale effects of building-integrated renewables. 

Especially, the optimal renewable energy systems different for every building 

should be considered based on the energy loads of each building. For a large city, 

the problem of the long calculation time due to the large number of optimization 

should be overcome. However, there has been lack of the studies on the collective 

effects of increased building-integrated renewables in urban areas. Also, there is no 

proper framework for investigation of the effects of the building-integrated 

renewables on large cities within a reasonable time. 

Hence, the objectives of this research are 1) investigation of the collective effects 

of the optimal building-integrated renewable energy systems on energy mix and 

energy flows in an urban area; and 2) development of a new framework which 

enables the accurate investigation of the effects of building-integrated renewables 

on a large city within a reasonable time. 

 

 

 

 

 

 

 



1.4 Thesis Organization 

This thesis consists of the six chapters.  

Chapter 1 introduces the concepts of building-integrated renewable energy, the 

effects of the building-integrated renewables on urban areas, and a difficulty which 

arises from the large number of buildings in large cities. The related previous 

studies are reviewed. Then, the research motivation and objectives are stated. 

Chapter 2 presents the inputs and problem formulation of the process for 

determining the optimal renewable energy system for a building. 

Chapter 3 presents a detailed analysis on the collective effects of increased 

building-integrated renewables in a representative district, which consists of 

thousands of buildings. The analysis focuses on the changes in energy mix of the 

buildings and temporal energy flows from the grid to the buildings. 

Chapter 4 describes a new framework for a fast estimation of the collective effects 

of increased building-integrated renewables in a large city. 

Chapter 5 demostrates two applications of the framework described in Chapter 4. 

For Seoul, Korea, the expected outcomes of a future scenario of an obligation for 

building-integrated renewables, and the appropriateness of the renewable energy 

requirement based on cost-effective reduction of CO2 emission are investigated. 

Chapter 6 summarizes the contributions of this thesis and recommends some 

topics for the future works. 

 



Chapter 2. Problem Formulation  

2.1 Flowchart 
 
 
 
Figure 2.1 shows a flowchart of the district-scale optimization of building-

integrated renewable energy for each building. To optimize the energy system 

configuration (including renewable energy sources) for each building, the 

following inputs are required− installation cost of the renewable energy sources; 

electricity and gas rates; performance of renewable energy sources; hourly profile 

of solar irradiance; renewable energy policy; hourly electricity, heating, and 

cooling loads; roof area for solar energy. The hourly energy loads and roof area 

vary from building to building while the rest of the parameters remain constant for 

every building.  

Given the inputs, the capacities of the renewable energy sources and the hourly 

energy flow in each building can be optimized. Subsequently, the capacities and 

energy supply of each renewable energy source in all of the buildings in the urban 

area are summed up for an urban-scale analysis.  

 

 

 

 

 

 



 

 

 

 
        

Figure 2. 1. Flowchart of an urban-scale analysis of the increased building-
integrated renewables considering the optimal energy system for each building. 

 



2.2 Inputs 

 
 
 

2.2.1 Performances 

The candidates for building-integrated renewable energy are Photovoltaic (PV) 

panels, Solar Water Heaters (SWHs), Ground-Source Heat Pumps (GSHPs), and 

Proton-Exchange Membrane Fuel Cells (FCs) for cogeneration.  

The assumed values of the performance parameters of photovoltaic panels, solar 

water heaters, ground-source heat pumps, electric heat pumps (EHPs), gas boilers, 

fuel cells, and batteries are listed in Table 2.1 [33-36]. Li-ion batteries are often 

integrated into photovoltaic systems [37], and battery installation in buildings has 

been promoted in Korea since 2016. Therefore, batteries are considered. Since EHP 

dominates the air-conditioning market with a 66% market share [38], the 

conventional space cooling source is assumed to be the EHP for all non-residential 

buildings.  

The hourly output of photovoltaic panels and solar water heaters are determined 

from the hourly radiation data from the National Weather Center and the solar 

radiation models described in Appendix A. 

 

 

 

 

 

 



 

 

 

Table 2. 1. Performance parameters of the energy sources in Korean buildings. 
Photovoltaic 
panels 

Conversion efficiency 15.1% 
Required roof area for 1 kW of Photovoltaic 10 m2 

Solar water 
heaters 

Constant for representing the efficiency 0.62 
Thermal transmittance 3.25 W/m2K 
Temperature of the water entering the collector 45.7oC 
Storable heat in water tank per 1 m2 of Solar 
water heater collector 

2.08 kWh 

Required roof area for 1 m2 of Solar water heater 
collector 

2 m2 

Ground-
source heat 
pumps 

COP (cooling mode) 4.69 
COP (heating mode) 3.70 

EHPs COP (cooling mode) 3.50 
COP (heating mode) 3.20 

Boilers Combustion efficiency 85.0% 

Fuel cells Gas-to-Power conversion efficiency 36.7% 
Gas-to-Heat conversion efficiency 42.3% 
Storable heat in water tank per 1 kW Fuel cell 8.44 kWh 

Batteries Charging & discharging efficiency 94.0% 
Inverter efficiency 95.0% 
C-rate 0.33 

 

 

 

 

 

 

 

 

 

 



2.2.2 Costs 

Initial investment costs, maintenance factors ( ), and lifespans ( ) of the 

renewable energy sources and batteries are listed in Table 2.2. In this study, 

operation for over a 1-year period is simulated for the optimization. Thus, the 

initial investment cost  has been converted to the equivalent annual cost 

 by multiplying by the capital recovery factor [39] as below: 

 (2.1) 

  

Interest rate  has been assumed to be 5%, which is a common assumption for 

baseline scenarios in climate change studies [40]. 

Gas rates (from Seoul City Gas) for boilers and fuel cells are listed in Table 2.3. 

Customers pay 110% of the gas rates due to a 10% surtax. Electricity rates (from 

Korea Electric Power Corporation) for a household in a residential building and a 

non-residential building are listed in Table 2.4. Customers pay 113.7% of the 

electricity rates due to a 10% surtax and a 3.7% surcharge for power industry 

promotion.  

The summer is June ~ September for gas and June ~ August for electricity while 

the winter is December ~ March for gas and November ~ February for electricity. 

The hours for peak load are 10~12 and 13~17 for spring, summer, and autumn 

while the hours for peak load are 10~12, 17~20, and 22~23 for winter. The hours 

for mid-load are 9~10, 12~13, and 17~23 for spring, summer, and autumn while 

the hours for mid-load are 9~10, 12~17, 20~22 for winter. 

 
 



 
 

 
Table 2. 2. Capital costs, maintenance factors, and lifespans of renewable 

energy sources and batteries. 
 

 
Cost  
[103 Won] 

Maintenance  
Factor 

Lifespan  
[year] 

Photovoltaic panels 1,800/kW 2% 25 

Solar water heaters 950/m2 5% 20 

Ground-source heat pumps 1,180/kW 2% 25 

Fuel cells 32,500/kW 6% 12 

Batteries 1,000/kWh 1% 10 

 
 
 

Table 2. 3. Korean gas rates for buildings [Won/MJ]. 
Heating 16.5 
Cogeneration (Winter) 15.5 
Cogeneration (Summer) 13.8 
Cogeneration (Others) 13.1 

 
 
 

Table 2. 4. Korean electric rates for households in apartment buildings and 
typical non-residential buildings. 

Residential Non-residential 
Monthly 
use 

Basic 
rate 
[Won] 

Usage 
rate  
[Won 
/kWh] 

Basic rate 
[Won/kW] 

Uagse 
rate 
[Won 
/kWh] 

Summer Winter Others 

0~200 
kWh 

730 78.3 

8,320 

Base 
load 

56.1 63.1 56.1 

200~400 
kWh 

1,260 147.3 
Mid  
load 

109.0 109.2 78.6 

Over 
400 
kWh 

6,060 215.6 
Peak 
load 

191.1 166.7 109.2 



2.3 Estimation of Hourly Energy Loads of Every Building 
 
 
 

2.3.1 Monthly energy usages data from the Korean government 

Ideally, the actual hourly energy loads of a building shoud be known. However, 

there is no public database for such detailed data of buildings. Alternatively, the 

monthly electricity and gas usage data for every building can be obtained. For 

every non-residential building, the data are available from the Korean Ministry of 

Land since 2015 [41].  

Table 2.5 shows the example of the raw data of the database. “201501” in the first 

column means Jaunary 2015. Figures 2.2 and 2.3 shows the examples of the 

monthly energy usages collected for a 1-year period in some buildings. It is noted 

that some buildings do not use gas (e.g. Building C in Figure 2.3). 

 

 

Table 2. 5. Example of the raw data of the building energy usage database. 
Time City District Address Electricity 

201501 Seoul Seondsan-Dong, Mapo-Gu 200-1 11464 

201501 Seoul Seondsan-Dong, Mapo-Gu 200-12 4713 

201501 Seoul Seondsan-Dong, Mapo-Gu 200-18 3461 

 

 

 



Figure 2. 2. Monthly electricity usages in 4 selected Korean non-residential 
buildings.  

Figure 2. 3. Monthly gas usages in 4 selected Korean non-residential buildings. 
 

 

 



2.3.2 Estimation of the monthly energy usages for residential buildings 

The monthly energy usage data of residential buildings have not been published 

because of privacy issues. Thus, an alternative method for estimation of monthly 

energy usage in residential buildings is necessary. The monthly electricity and gas 

usage of a Korean residential household can be estimated by using a model 

developed by the Seoul Institute [42]. The model provides a correlation between 

the monthly electricity & gas usages and the floor area of a household. 

The detailed correlations between electricity and gas usages and  

[kWh] in each month  and the floor area per household  [m2] are as 

follows: 

  (2.2) 

  (2.3) 

 

where  is the natural log, and the coefficients  and  for 

each month are in Table 2.6. Figures 2.4 and 2.5 show the examples of the 

estimated monthly electricity and gas consumption in residential building for four 

typical values of floor area per household in Korea. 

 

 

 

 

 

 

 



 

 

 

 

 

Table 2. 6. Coefficients in the model for estimation of monthly energy usages 
of Korean residential buildings. 

   

January 0.072 1.527 

February 0.065 1.538 

March -0.022 1.344 

April 0.046 1.097 

May -0.002 0.542 

June 0.031 -0.096 

July 0.079 -0.451 

August 0.248 -0.692 

September 0.163 -0.610 

October 0 0 

November 0.032 0.702 

December 0.027 1.234 

 

 

 

 



Figure 2. 4. Estimated monthly electricity usages of one household in a 
residential building with 4 typical floor areas per household. 

Figure 2. 5. Estimated monthly gas usages of one household in a residential 
building with 4 typical floor areas per household. 

 



2.3.3 Estimation of heating and cooling demands 

Section 2.3.3 and 2.3.4 explains the process suggested by Chung and Park ([43, 

44]) for obtaining the hourly electricity, space heating, space cooling, and water 

heating loads of an actual office building, hotel, hospital, and department store for 

over a 1-year period. 

 The obtained monthly electricity and gas usage data are disaggregated. The 

electricity usage data are then further broken down into electricity for appliances & 

lightning, electricity for space cooling, and electricity for space heating. It has been 

assumed that 1) most of the electricity usage in May is for appliance & lightning 

for every building type (Table 2.7), and; 2) the electricity for appliance & lightning 

stays relatively constant for all months (Figure 2.6). The difference between the 

actual electricity usage and the estimated electricity for appliance & lightning is 

assumed to be for space cooling during the cooling season and space heating 

during the heating season.  

 

 

Table 2. 7. Cooling and heating seasons, estimated portion of electricity for 
space cooling in May for 5 common building types. 

 Cooling season Heating season Electricity for  
cooling in May 

Office MAY~SEP OCT~APR 7.9% 
Neighborhood JUN~SEP OCT~APR 0.0% 
Department store APR~OCT NOV~MAR 38.4% 
Hospital & Welfare JUN~SEP OCT~APR 0.0% 
Hotel APR~OCT NOV~MAR 18.5% 

 

 

 



Meanwhile, the gas usage data are decomposed into gas for space heating and gas 

for water heating. The gas usage between May and September is assumed to be 

entirely for water heating. The gas usage for water heating in the remaining months 

is assumed to be equivalent to the maximum value of the monthly gas use between 

May and September (Figure 2.7). The difference between the actual gas usage and 

the estimated gas usage for water heating between October and April is then 

assumed to be gas for space heating. 

The disaggregated monthly electricity and gas use data are converted into 

monthly electricity demand (for appliances & lightning), monthly space cooling 

demand, monthly space heating demand, and monthly water heating demand. 

Monthly space cooling demand is equivalent to the electricity for space cooling 

multiplied by the Coefficient of Performance (COP) of electric heat pumps (EHPs). 

Monthly space heating demand is equivalent to the sum of two elements− the 

electricity for space heating multiplied by the COP of EHPs and the gas for space 

heating multiplied by the combustion efficiency of gas boilers. Monthly water 

heating demand is equivalent to the gas for water heating multiplied by the 

combustion efficiency of gas boilers. 

 



Figure 2. 6. The measured total electricity usage for each month and the 
estimated monthly electricity usage for appliances of a selected building. 

Figure 2. 7. The measured total gas usage for each month and the estimated 
monthly gas usage for water heating of a selected building. 

 

y y g



2.3.4 Hourly energy loads 

The monthly energy demands should be converted to hourly energy loads. Figures 

2.8 ~ 2.11 shows the hourly electricity (for appliances & lightning), space cooling, 

space heating, and water heating loads in a typical day for four major building 

types (apartment, office, neighborhood & store, and medical & welfare) in Korea. 

Neighborhood buildings include businesses such as grocery stores, restaurants, 

local clinics, barber shops etc., and public buildings such as fire stations, post 

offices, libraries, etc.. Y-axis shows the hourly portion of each hour in the total 

daily energy demand, equivalent to the monthly energy demand divided by the 

number of days in each month. Thus, the sum of the 24 Y values is 1. For each 

energy type, the hourly energy load can be obtained by multiplying the hourly 

portions by the estimated daily energy demand. 

Figure 2.12 shows the estimated hourly energy loads of an apartment building and 

an office building on a representative weekday of each month. The electricity load 

in the apartment building includes the electricity for space cooling, but the 

electricity load in the non-residential buildings does not. 

 



Figure 2. 8. Hourly energy loads of a typical apartment building in Korea. 

Figure 2. 9. Hourly energy loads of a typical office building in Korea. 



Figure 2. 10. Hourly energy loads of a typical commercial building in Korea. 

Figure 2. 11. Hourly energy loads of a typical medical building in Korea. 



Figure 2. 12. Estimated hourly energy loads of two selected Korean buildings 
((a) An apartment building, (b) An office building). 

  



2.4 Optimization Problem (Apartment Building) 
 
 
 

A Linear Programming problem has been formulated to optimize the capacities of 

photovoltaic panels, solar water heaters, and fuel cells and hourly energy flow in an 

apartment building of Korea. 

The optimization has been carried out using the optimization toolbox of 

MATLAB 2017a on a workstation with Intel Quad Core 3.40 GHz and 16 GB 

memory. The number of variables and constraints are 43,864 and 43,887, 

respectively. 24 of the 43,864 variables are binary variables.  

 

2.4.1 Objective function 

The objective function to minimize is of the sum of capital expenditure and 

operational expenditure. The capital expenditure consists of the equivalent annual 

cost of photovoltaic panels, solar water heaters, and fuel cells: 

 (2.4) 

 

Ground-source heat pumps and batteries are not considered for apartment 

buildings because of the difficulty of duct space construction in an existing 

apartment building [45] and the lack of time-of-use pricing which makes batteries 

economically feasible [46]. 

The operational expenditure consists of the cost associated with gas and 

electricity purchase. The associated cost for gas is a function of gas rates: 



 (2.5) 

  

The associated cost for electricity in an apartment building is a function of the 

base rate and the usage rate for each month  which are functions of the monthly 

electricity usage divided by the number of households  in the apartment building: 

 

(2.6) 

 (2.7) 

 (2.8) 

 (2.9) 

 

Here,  is equivalent to the total electricity 

consumption in the corresponding month . To express the progressive tax in 

Table 2.4,  and  should be lower than . Also,  should 

be 1 only if , and should be 1 only if 

. To express the necessary conditions, additional 

constraints based on a very large number  is required [47], as shown below:  

 (2.10) 

 (2.11) 

 

2.4.2 Constraints: energy balance 

For each hour, the sum of electricity from the grid, electricity generation of 



photovoltaic panel (considering the efficiency of inverter), and electricity 

generation of fuel cell should satisfy the electricity load: 

 (2.12) 

 

Also, the sum of heat from gas boiler, heat production of solar water heater, 

exhaust heat from fuel cell, energy stored in the heat tank should satisfy the heating 

load while some of the heat can be dumped if necessary: 

 
(2.13) 

  

2.4.3 Constraint: installation and operation range 

The sum of the area for photovoltaic panel and solar water heater is limited by the 

actual roof area of the building: 

 (2.14) 

 

Hourly gas consumption of the fuel cell is limited to make the power generation 

of the fuel cell below the rated capacity of the fuel cell: 

 (2.15) 

 

2.4.4 Constraint: export of electricity generated by Photovoltaic 

Integration of photovoltaic panels over a certain capacity can cause excessive 

electricity generation. Korean residential buildings can export their excessive 



electricity to reduce the net monthly electricity purchase.  

Therefore, the constraint which allows the hourly power from the grid to be the 

negative value of photovoltaic power generation at the corresponding hour is 

imposed on the apartment buildings: 

 (2.16) 

 

which implies that  do not have pre-determined lower bounds. The pre-

determined lower bounds for all the other variables are zero.  

 

2.4.5 Constraint: renewable energy requirement 

The total energy provided by renewables is the sum of power generated by 

photovoltaic panels, heat provided by solar water heaters, space heating and 

cooling provided by Ground-source heat pumps, and electricity and heat provided 

by fuel cells over a 1-year period.  

The total energy provided by the renewables must be equal to or greater than a 

government-specified fraction of the sum of electricity (including the electricity 

consumed by EHPs and Ground-source heat pumps), space cooling, space heating, 

and water heating demand over a 1-year period: 

 

 

(2.17) 

 

where α is the government-specified portion of renewables.  

 



2.5 Optimization Problem (Non-residential Building) 
 
 
 

A Linear Programming problem has been formulated to optimize the capacities of 

photovoltaic panels, solar water heaters, ground-source heat pumps, fuel cells, and 

batteries, and hourly energy flow in a non-residential building of Korea.  

The optimization has been also carried out using the optimization toolbox of 

MATLAB 2017a on a workstation with Intel Quad Core 3.40 GHz and 16 GB 

memory. The number of variables and constraints are 87,608 and 105,148, 

respectively. For the optimization problems in Sections 2.4 and 2.5, the matrices 

have been formulated as sparse matricies, and interior-point method has been 

applied.  

 
 

2.5.1 Objective function 

The objective function to minimize is of the sum of capital expenditure and 

operational expenditure. The capital expenditure consists of the equivalent annual 

cost of photovoltaic panels, solar water heaters, ground-source heat pumps, fuel 

cells, and batteries: 

 (2.18) 

 

 The operational expenditure consists of the cost associated with gas and 

electricity purchase. The associated cost for gas is a function of gas rates for boilers 

and fuel cells: 



 (2.19) 

 

 The associated cost for electricity in a non-residential building is a function of 

the base rate and the usage rate. The base rate is a function of the maximum value 

of hourly power transmitted from the grid over a 1-year period. The usage rate is a 

function of the total electricity usage during base-load, mid-load, and peak-load 

hours for each season: 

 (2.20) 

  

where  is equivalent to an epigraph q if an additional constraint 

shown below is applied [48]: 

 (2.21) 

 

2.5.2 Constraint: energy balance 

For each hour, the sum of electricity from the grid, electricity generation of 

photovoltaic panel (considering the efficiency of inverter), electricity discharged 

from the battery, and electricity generation of fuel cell should satisfy the electricity 

load including electricity stored into the battery and electricity consumption of 

electric heat pump and ground-source heat pump: 



 
(2.22) 

 

Also, space cooling from electric heat pump and ground-source heat pump 

should satisfy the cooling load: 

 (2.23) 

 

 Finally, the sum of heat from gas boiler, heat production of solar water heater, 

space heating from electric heat pump and ground-source heat pump, exhaust heat 

from fuel cell, energy stored in the heat tank should satisfy the heating load while 

some of the heat can be dumped if necessary: 

 

(2.24) 

 

where  is forced to be zero for non-residential buildings which do not 

use gas. 

 

2.5.3 Constraint: installation and operation range 

The sum of the area for photovoltaic and solar water heater is limited by the 

actual roof area of the building: 



 (2.25) 

 

 Hourly electricity consumption of ground-source heat pump is limited by the 

capacity of ground-source heat pump: 

 (2.26) 

 

Hourly gas consumption of the fuel cell is limited to make the power generation 

of the fuel cell below the rated capacity of the fuel cell: 

 (2.27) 

 

Producing domestic hot water with Ground-source heat pump is challenging 

because the domestic hot water needs to be 55~60 °C while the temperature of 

water supply for space heating is 35~40 °C [49]. Therefore, the sum of heat 

provided by EHP and Ground-source heat pump is limited by the space heating 

demand: 

 (2.28) 

 

Heat stored in a hot water tank is limited by the capacity of the tank which is 

assumed to be a linear function of the capacities of solar water heater and fuel cell 

[33, 36]: 



 

2.5.4 Constraint: battery operation 

Electricity stored in batteries varies due to charging or discharging: 

 (2.29) 

  

Energy stored in the batteries, and the maximum power for charging and 

discharging are limited by the capacity of the batteries: 

 (2.30) 

 (2.31) 

 (2.32) 

 

2.5.5 Constraint: Renewable energy requirement 

The total energy provided by renewables is the sum of power generated by 

Photovoltaic panels, heat provided by solar water heaters, space heating and 

cooling provided by ground-source heat pumps, and electricity and heat provided 

by Fuel cells over a 1-year period.  

The total energy provided by the renewables must be equal to or greater than a 

government-specified fraction of the sum of electricity (including the electricity 

consumed by EHPs and ground-source heat pumps), space cooling, space heating, 

and water heating demand over a 1-year period: 



 

 

(2.33) 

 

where  is the government-specified portion of renewable;  is 

 at  for the cooling season, and  at  for the heating 

season. 

To help understanding, an example of the optimal capacities and hourly electricity, 

heating, and cooling flows in a neighborhood building has been described with 

figures in Appendix B. 

 

 

 

 

 

 

 

 

 



2.6 Formula of the Urban Scale Results 
 
 
 

The total capacity of each renewable energy source in all of the buildings in an 

urban area has been represented as , , , 

, and , where  is the building index. 

The total renewable energy supply of each renewable energy source in all of the 

buildings in an urban area has been represented as: 

Photovoltaic panels:  (2.34) 

Solar water heaters:  (2.35) 

Ground-source heat pumps:  (2.36) 

Fuel cells:  (2.37) 

 

The total electricity flow from the grid to the urban area has been represented as 

, and the total gas flow from the grid to the urban area has been 

represented as . 

 

 

 

 



Chapter 3. Analysis on a District in a City 

 

 

 

3.1 Test Case 
 
 
 

3.1.1 Test district 

Figure 3.1 shows that the floor area-based building type composition of 

Seongsan-Dong, Mapo-Gu, Seoul, Korea, is very similar to the building type 

composition of the entire city of Seoul. Therefore, Seongsan-Dong has been 

selected as the test case. Figure 3.2 shows the geospatial topology of Seongsan-

Dong from Google Maps. Seongsan-Dong has a population of about 60,000 people 

and consists of 2,015 residential buildings and 592 non-residential buildings. Thus, 

its scale is sufficient to become a test case. 

To obtain the optimal renewable energy in each building, the following data have 

been used− the monthly electricity and gas consumption data for non-residential 

buildings; solar irradiance in year 2015; the floor area of each building; the number 

of households of each apartment building from the national registered building data 

[50]; and the roof area of each building in the database of a Korean solar energy 

consulting company [51].  



Figure 3. 1. Comparison between the floor area-based building type 
compositions of Seoul and Seongsan-Dong. 

 

Figure 3. 2. Seongsan-Dong shown in Google Map. 



3.1.2 Test scenario 

 Currently, Korean public buildings with a floor area over 1,000 m2 are mandated 

to satisfy 30% of the total energy demand with renewable energy by 2020. Also, 

integration of renewable energy into buildings in Seoul with a floor area over 3,000 

m2 and 500 m2 are mandated and encouraged, respectively. The renewable energy 

requirements of apartment buildings and non-residential buildings in Seoul are 10% 

and 14% of their total energy demands, respectively, by 2023. Figures 3.3 and 3.4 

show the schematic of the current renewable energy obligations for Korean 

buildings. 

To simulate a substantial increase in building-integrated renewables for clear 

investigation, a test scenario of the renewable energy requirements has been 

created as the union of the current obligations (grey areas in Figures 3.3 and 3.4)− 

renewable energy requirements of 10% for every apartment building with a floor 

area over 500 m2 and 30% for every non-residential building with a floor area over 

500 m2, respectively. Under this assumption, 403 apartment buildings and 269 non-

residential buildings in Seongsan-Dong are obliged to satisfy the renewable energy 

requirements.  

 

 

 

 

 

 

 



Figure 3. 3. Schematic of the current renewable energy obligation for 
apartment buildings in Seoul. 

Figure 3. 4. Schematic of the current renewable energy obligation for non-
residential buildings in Seoul. 

 

 

 



3.2 Renewable Energy Mix in the Buildings 
 
 
 

3.2.1 Total capacities of the building-integrated renewables 

Table 3.1 shows the examples of the optimal capacities of the building-integrated 

renewables in some buildings in Seongsan-Dong. Table 3.2 shows the total 

capacity of each renewable energy source in the buildings in Seongsan-Dong for 

the test scenario. The total capacities of photovoltaic panels and ground-source heat 

pumps are much higher than the total capacities of the other renewable energy 

sources. 

 

 

Table 3. 1. The opitmal capacites of each renewable energy source in selected 
buildings in Seongsan-Dong. 

Address Type PV  
[kW] 

SWH  
[m2] 

GSHP  
[kW] 

PEMFC  
[kW] 

Battery 
[kWh] 

20-12 Neighborhood 40 0 19 0 7 
156-7 Office 23 0 74 0 14 
596-0 Apartment 88 0 - 2 - 
 
 
 
Table 3. 2. The total capacities of the renewable energy sources and batteries 

in Seongsan-Dong under the scenario. 
Type PV  

[kW] 
SWH  
[m2] 

GSHP  
[kW] 

PEMFC  
[kW] 

Battery 
[kWh] 

Residential 8,397 1,680 - 144 - 

Non-residential 8,028 57 9,990 1 1,161 
Total 16,425 1,737 9,990 145 1,161 

 

 

 



3.2.2 Energy mix in the residential buildings 

Figure 3.5 shows the amount and relative portion of the energy provided by each 

renewable energy source in the apartment buildings (Figure 3.5a) and non-

residential buildings (Figure 3.5b), respectively. Photovoltaic panel takes the 

greater part of the total renewable energy supply in the residential buildings. About 

74% of the total energy provided by renewables for the apartment buildings is 

electricity from photovoltaic panels. Fuel cells and solar water heaters provide 19% 

and 7% of the total renewable energy supply in the apartment buildings, 

respectively.  

Figure 3.6 shows the energy-based building energy portfolio of the 403 apartment 

buildings with the renewable energy requirement of 10%. Electricity generated by 

photovoltaic panels and fuel cells provides about 30% of the total electricity 

demand. However, heat from solar water heaters and fuel cells provides only about 

2% of the total heating demand.  

 

 

 



 
Figure 3. 5. Energy supply and the relative portions of each renewable energy 

source in the apartment buildings with renewables in Seongsan-Dong.  

 
Figure 3. 6. Energy portfolio of the apartment buildings with renewables in 

Seongsan-Dong. 

 



3.2.3 Energy mix in the non-residential buildings 

Figure 3.7 shows the amount and relative portion of the energy provided by each 

renewable energy source in the apartment buildings (Figure 3.7a) and non-

residential buildings (Figure 3.7b), respectively. Ground-source heat pump takes 

the greater part of the total renewable energy supply in the non-residential 

buildings. About 71% of the total energy provided by renewables for the non-

residential buildings is space heating and space cooling from ground-source heat 

pumps. Photovoltaic panels also take a part of the total renewable energy supply in 

non-residential buildings. Energy provided by fuel cells and solar water heaters is 

negligible in the non-residential buildings. 

Figure 3.8 shows the energy-based building energy portfolio of the 269 non-

residential buildings with the renewable energy requirement of 30%. Electricity 

generated by photovoltaic panels provides about 17% of the total electricity 

demand. Space heating and space cooling from ground-source heat pumps provide 

about 35% and 50% of the total heating and cooling demand, respectively.  

 



 

Figure 3. 7. Energy supply and the relative portions of each renewable energy 
source in the non-residential buildings with renewables in Seongsan-Dong. 

Figure 3. 8. Energy portfolio of the non-residential buildings with renewables 
in Seongsan-Dong. 

 



3.3 Comparison with an Actual Result of a Policy 
  
 
 

As a validation, comparison of the capacity mix of renewables for non-residential 

buildings, with the actual results of a policy, has been conducted. The results for 

Korean public buildings with the renewable energy requirement 18% has been 

published in 2017 Korea Energy Agency Handbook [52]. For comparison, a 

simulation of non-residential buildings in Seongsan-Dong with the same 

requirement has been done. Considering the variation of the cost of photovoltaic 

panels along time, the past value of installation cost of photovoltaics (2,600 

kWon/kW) has been applied for the simulation. 

Table 3.3 shows the results. The two rows show two similarities. First, ground-

source heat pump takes the greater part of the capacity mix and photovoltaics take 

some portion. The ratio between capacities of ground-source heat pump and 

photovoltaics are near 4 for both cases (3.81 for Seongsan-Dong and 4.01 for 

public buildings). Second, the portion of solar water heaters and fuel cells is little. 

These two similarities indicate that the analysis on Seongsan-Dong reflects the 

reality. 

 

 
Table 3. 3. The capacities of the renewable energy sources from simulation on 
Seongsan-Dong and the actual result of the renewable energy obligation for 

Korean public buildings in 2016. 
Renewable energy  
requirement: 18% 

PV  
[kW] 

SWH  
[m2] 

GSHP  
[kW] 

PEMFC  
[kW] 

Seongsan-dong 1,616 0 6,151 0 
Korean public buildings 235,342 54,589 944,472 486 

 

 



3.4 Detailed Energy Mix of the Apartment Buildings 
 
 
 

3.4.1 Trend of the renewable energy mix in every apartment building 

 
Table 3.4 shows that 389 of the 403 apartment buildings adopt photovoltaic 

panels as the only renewable energy source to satisfy the renewable energy 

requirement. Thus, photovoltaic panel is more economical for Korean apartment 

buildings compared to solar water heater and fuel cell.  

The remaining 14 apartment buildings adopt both Photovoltaic and other 

renewable energy sources. The 14 apartment buildings are high-rise apartment 

complexes with large numbers of households (hundreds to a thousand) while the 

other apartment buildings are relatively small apartment buildings with 8~30 

households. The 14 high-rise apartment complexes are found to have the entire roof 

area covered with photovoltaic panels. This result implies that the roof area of the 

14 buildings is insufficient to provide 10% of the total energy demand. Therefore, 

some of the 14 buildings have to adopt fuel cells to provide additional renewable 

energy. Others replace some of the photovoltaic panels with solar water heaters to 

increase the renewable energy supply per roof area because the annual energy 

production per roof area is higher for solar water heaters (285.9 kWh/m2) compared 

to photovoltaic panels (125.4 kWh/m2).  

 
 
 
 
 
 



Table 3. 4. The number of apartment buildings and households for each 
portfolio of the renewable energy sources. 

 Number of buildings Number of 
households 

Photovoltaic 389 4,354 
Photovoltaic+Fuel cell 11 1,921 

Photovoltaic+Solar water heater 2 1,855 
Photovoltaic+Fuel cell 
+Solar water heater 

1 3,710 

 
 
 
 

3.4.2 Explanation 

Figure 3.9 shows the net monthly electricity usage of the 14 high-rise apartment 

complexes. The net monthly electricity usage means the electricity use after 

subtraction of the electricity generated by the Photovoltaic panels. Fuel cells are 

integrated into the apartment buildings where the net monthly electricity usage per 

household is above 200 kWh. In contrast, solar water heaters are integrated into the 

apartment buildings where the net monthly electricity usage per household is below 

200 kWh.  

The difference between the former and the latter is the associated cost for unit 

electricity which is 147.3 Won/kWh for the former and 78.3 Won/kWh for the latter, 

respectively (Table 2.4). The higher cost for unit electricity in the former group of 

apartment buildings makes the electricity generated by fuel cells more valuable. 

Thus, the net monthly electricity usage per household is the criterion for 

determining the type of complementary renewable energy source (in addition to 

photovoltaic panels) in the large apartment complexes. 

 

 



 

 

 

 

Figure 3. 9. Net monthly electricity use per household after subtraction of the 
electricity generated by PV of 14 apartments with integration of multiple 

renewable energy sources. 
 

 

 

 

 

 

 



3.5 Detailed Energy Mix of the Non-residential Buildings 
 
 
 
3.5.1 Trend of renewable energy mix in every non-residential building 

Figure 3.10 shows the annual space heating & cooling demand provided by 

ground-source heat pumps plotted vs. the annual electricity generated by 

photovoltaic panels in every non-residential building under the renewable energy 

obligation. All of the non-residential buildings adopt both ground-source heat 

pumps and photovoltaic panels. The relative portions of energy provided by 

ground-source heat pumps and photovoltaic panels vary from building to building.  

 

 

 
 
 

Figure 3. 10. Electricity generated by PV (X axis) and space heating & cooling 
supplied by GSHP (Y axis) in each non-residential building.  



3.5.2 Explanation 

The relative portion of the energy supply from the two renewable energy sources 

in a building is expected to depend on the following aspects of the building−  

i) the composition of the energy demand− space heating & cooling vs. electricity 

for appliances & lightning; 

ii) availability, or operating hours of the heat pump system; and 

iii) the composition of the conventional sources of space heating − gas vs. 

electricity (due to the different energy rates). 

A statistical analysis is needed to compare the effects of the three aspects. In this 

study, a multiple linear regression model with three predictor variables representing 

each aspect has been conducted. The response variable is the total energy from 

ground-source heat pump divided by the total energy from photovoltaic panel in 

each building. Table 3.5 shows the formula of the three predictor variables. The 

first variable is the ratio between the sum of annual space heating and cooling 

demand and annual electricity demand. The second variable is the portion of the 

hours of the presence of space heating and cooling demand in a year. The third 

variable is the ratio between the annual gas usage for space heating and the annual 

electricity usage for space heating. Table 3.6 shows the coefficients of the model, 

and the standardized coefficients for each predictor variable. The regression model 

has been validated in Appendix C. 

 

 

 

 



 

 

 

 

Table 3. 5. Formula of the multiple linear regression model for the relative 
portion of energy from GSHP and PV. 

 Formula
 

 

 
 

 
 

 

 

 

Table 3. 6. Regression coefficients, and standardized coefficients of the 
multiple linear regression model for the relative portion of energy from GSHP 

and PV (constant term of the regression model: -0.1916). 
 Regression coefficient Standardized coefficient 

 0.899 0.750 

 0.997 0.048 

 
0.249 0.180 

 

 

 

 

 

 

 



The larger standardized regression coefficient of a variable indicates a greater 

influence of the particular variable [53]. The standard coefficient of  is the 

highest (0.750) because the portion of space heating & cooling must be high for the 

greater energy from Ground-source heat pumps. The standardized coefficient of  

(0.180) is higher than  (0.049), indicating that the composition of the sources 

for space heating is also important. The positive sign of  indicates that the 

portion of energy from ground-source heat pumps is relatively higher in the 

buildings in which gas boilers provide most of the space heating.  

Figure 3.11 shows the hourly associated costs for 1 kWh of heat provided by gas 

boilers, EHPs, and ground-source heat pumps in a day. The boiler's cost for 1 kWh 

heat supply is the gas rate multiplied by 1 kWh divided by the boiler efficiency 

(0.85), and the heat pumps' cost for 1 kWh heat is the electricity rate multiplied by 

1 kWh divided by COP (3.2 and 3.7 for EHPs and ground-source heat pumps, 

respectively). The gas boiler cost is higher than those for EHPs and ground-source 

heat pumps. Therefore, replacing gas boilers with ground-source heat pumps 

results in bigger savings than replacing EHPs with ground-source heat pumps.  

 

 

 

 

 

 

 

 



 

 

 

 

 
Figure 3. 11. The associated costs per 1 kWh heat supply for the space heating 

sources. 
 



3.6 Total Energy from the Grid to the Buildings  
 
 
 
Figures 3.12 and 3.13 show the change in the monthly electricity and gas supplied 

from the grid to all of the 2,607 buildings including buildings which are not under 

the renewable energy obligation (e.g., single-family houses and buildings with a 

floor area below 500 m2). The term "without renewables" means the case without 

integration of renewables into any of the buildings.  

The total amount of electricity from the grid over a 1-year period decreases by 

17.1% (21.6 GWh/y) while the total amount of gas from the grid over a 1-year 

period decreases by 3.3% (6.3 GWh/y). Considering only the buildings under the 

obligation, the total amount of electricity and gas from the grid decrease by 21.7% 

and 4.8%, respectively. The electricity from the grid decreases every month while 

the gas from the grid decreases only during the winter. 

 



Figure 3. 12. Monthly electricity from the grid to all of the buildings in 
Seongsan-Dong. 

Figure 3. 13. Monthly gas from the grid to all of the buildings in Seongsan-
Dong. 

 

 



Figure 3.14 shows the total electricity and gas from the grid over a 1-year period 

to all of the residential and non-residential buildings, with and without the 

integration of renewables. The electricity from the grid to the residential buildings 

decreases by 20.5% (11.8 GWh/y) due to the electricity generated by photovoltaic 

panels and fuel cells. The electricity from the grid to the non-residential buildings 

decreases by 14.2% (9.8 GWh/y) due to photovoltaic panels and ground-source 

heat pumps. On the contrary, the gas from the grid to the residential buildings 

increases by 0.4% (0.6 GWh/y) because fuel cells in apartment buildings consume 

gas. The gas from the grid to the non-residential buildings decreases by 26.5% (6.9 

GWh/y) and only during the winter due to the introduction of ground-source heat 

pumps. However, such a reduction in gas usage in the non-residential buildings is 

only a small part of the total gas usage in the residential and non-residential 

buildings. Therefore, the total gas from the grid is reduced only by 3.3%.  



Figure 3. 14. Total electricity and gas from the grid to all of the residential and 
non-residential buildings in Seongsan-Dong, without and with building-

integrated renewable energy. 
  



3.7 Hourly Power Flow from the Grid to the Buildings 
 
 
 
Figure 3.15 shows the hourly power flow from the grid to all of the 2,607 

buildings for the 3rd Tuesday of each month. A large decrease in the power load 

(i.e. the "Duck curve" [54]) occurs during the daytime due to the power generation 

of the photovoltaic panels (total capacity of 16,425 kW). However, the batteries 

(total capacity of 1,161 kWh) do not provide sufficient grid flexibility. Therefore, 

additional resources for grid flexibility such as demand response, thermal or water 

storage, and policies to promote usage of the resources will be necessary. Also, the 

annual peak power moves from the summer middays to winter mornings. 

The ground-source heat pumps change the time of annual peak power from 

summer middays to winter mornings. Photovoltaic panel is not the main reason 

because the electricity generated by the photovoltaic panels in the summer is not 

higher than that in the winter (Figure 3.16). However, the electricity consumed by 

the heat pumps decreases in the summer due to the higher COP of Ground-source 

heat pumps compared to that of EHPs. Furthermore, the heat pump electricity 

usage increases in the winter because electric heating from ground-source heat 

pumps replaces gas heating (Figure 3.17). Especially, ground-source heat pumps 

increase electricity consumption between 8 a.m. and 10 a.m. because the space 

heating load is high during this period (Figure 2.9, 2.10). Thus, the annual peak 

power occurs in the winter mornings.  

 

 

 



Figure 3. 15. Hourly power flow from the grid to all of the buildings in 
Seongsan-Dong (3rd Tuesday of each month). 

 

 



Figure 3. 16. The total electricity generated by a 1-kW PV panel in Seongsan-
Dong for each month of 2015. 

Figure 3. 17. The total electricity consumed by the heat pump systems (EHPs 
and GSHPs) of the non-residential buildings in Seongsan-Dong for each 

month. 

 



3.8 Comparison with Other Districts 
 
 
 

So far, the urban-scale results have been obtained fro one district. The results may 

be highly dependent on what district has been investigated as the test case. Thus, 

the results from multiple different districts should be compared to generalize the 

findings in Section 3.2 ~ 3.7. 

 

3.8.1 Districts for comparison 

Five Dongs in Mapo-Gu, Seoul have been selected as the cases. Table 3.7 

summarizes the major information of the selected Dongs. Seongsan-Dong is the 

base case. Among the other four Dongs, two Dongs are different from Seongsan-

Dong, and two Dongs are similar to Seongsan-Dong, in terms of building type 

composition. 

Figure 3.18 shows the floor area based building type compositions of the three 

Dongs with different building type compositions. Compared to Seongsan-Dong, 

Gongdeok-Dong includes less apartment buildings and more office buildings, and 

Seogyo-Dong includes less apartment buildings and more neighborhood buildings. 

Figure 3.19 shows the floor area based building type compositions of the three 

Dongs with similar building type compositions. Daeheung-Dong and Hapjeong-

Dong have building type compositions similar to Seongsan-Dong. 

 



Figure 3. 18. Floor area based building type compositions of the selected 
Dongs with different compositions. 

Figure 2. 19. Floor area based building type compositions of the selected 
Dongs with similar compositions. 

 



Table 3. 7. Information of the five selected Dongs. 
 Population Area [km2] Number of buildings 

Residential Non-residential 
Seongsan-Dong 61,075 2.87 2,137 470 
Gongdeok-Dong 40,827 1.01 1,226 326 
Seogyo-Dong 26,870 1.65 1,362 1,368 
Daeheung-Dong 14,141 0.88 886 334 
Hapjeong-Dong 20,033 1.69 1,236 444 

 

Table 3.8 and 3.9 show the total capacities and total energy supply of each 

building integrated renewable energy source in each Dong, respectively. The total 

capacity of photovoltaic panels has been decomposed into the photovoltaic panels 

in non-residential buildings and apartment buildings.  

 

 
Table 3. 8. Expected total capacity of each building-integrated renewable 

energy source in the five Dongs. 
Dong PV [kW] 

(Apartments) 
PV [kW] 
(Non-
residential) 

SWH 
[m2] 
 

GSHP [kW] 
(Non-
residential) 

FC 
[kW] 
 

Seongsan 8,397 8,028 347 145 9,990 
Gongdeok 4,163 3,906 320 16,009 197 
Seogyo 5,014 14,786 96 21,180 12 
Daeheung 2,076 2,469 51 3,596 79 
Hapjeong 3,927 3,840 3 4,906 8 
 
 

Table 3. 9. Expected total energy from each building-integrated renewable 
energy source in the five Dongs. 

Dong PV  
[GWh] 
(Apartments) 

PV  
[GWh] 
(Non-
residential) 

SWH  
[GWh] 
 

GSHP  
[GWh] 
(Non- 
residential) 

FC  
[GWh] 
 

Seongsan 10.53 10.07 0.99 32.12 2.73 
Gongdeok 5.22 4.90 0.92 37.99 3.71 
Seogyo 6.29 18.54 0.00 75.08 0.18 
Daeheung 2.60 3.10 0.14 10.21 1.49 
Hapjeong 4.92 4.82 0.01 17.52 0.14 
 



3.8.2 Building-integrated renewables mix of the Dongs with different building 

type compositions 

Figure 3.20 shows the capacity-based and energy-based mix of the building-

integrated renewables in Seongsan-Dong, Gongdeok-Dong, and Seogyo-Dong, 

respectively. The portion of renewables in non-residential buildings (sum of grond-

source heat pumps and photovoltaic panels in non-residential buildings) is higher 

in Gongdeok-Dong and Seogyo-Dong compared to Seongsan-Dong because the 

portion of non-residential building is higher. The composition of renewables in 

non-residential sector, ground-source heat pumps relative to photovoltaic panels in 

non-residential buildings, is different in Gongdeok-Dong and Seogyo-Dong. The 

portion of ground-source heat pumps relative to the portion of photovoltaic panels 

in non-residential sector is much higher in Gongdeok-Dong, where the office 

building is dominant. Thus, the higher portion of office building may be the reason 

of the higher portion of ground-source heat pumps in non-residentials.  

 

 

 

 

 

 

 

 

 

 



Figure 3. 20. Building-integrated renewable energy mix in the three Dongs 
with different building type compositions  

((a) capacity-based, (b) energy-based). 
 

 



To investigate the reason, the total energy from building-integrated renewables (x 

axis) and the portion of energy from ground-source heat pumps relative to the total 

renewable energy (y axis) of each office building and each neighborhood building 

in the three Dongs have been plotted (Figures 3.21 and 3.22). Comparing the mean 

points of the distributions (large red circles), both x and y values of the mean points 

are higher for office buildings. The higher y value means that the portion of 

ground-source heat pumps in each building tends to be higher in office buildings, 

and the higher x value means that the total energy from renewables in each 

building tends to be higher in office buildings. Therefore, the higher portion of 

office building is the main reason of the higher portion of ground-source heat 

pumps in non-residential sector of Gongdeok-Dong. 

It has been found that non-residential buildings with higher portion of energy 

from ground-source heat pumps have much heating and cooling demands and 

much gas use. Thus, the total heating and cooling demand over the total electricity 

demand (only for appliances), and the total gas use over the total electricity use of 

office and neighborhood buildings in Gongdeok-Dong and Seogyo-Dong have 

been compared (Table 3.10). All values are higher for office buildings, which is 

consistent with the findings in Section 3.5. 

 

Table 3. 10. Two parameters calculated for office and neighborhood buildings 
(Note: the “Total electricity demand” in the second column means the 

electricity only for appliances and lightning, not for operation of heat pumps). 
 

  

Gongdeok Seogyo Gongdeok Seogyo 
Office 1.364 1.591 0.920 0.505 
Neighborhood 1.241 1.337 0.636 0.454 



Figure 3. 21. Distributions of the total energy from renewables (x-axis) and the 
portion of energy from GSHP (y-axis) of neighborhood buildings in the three 

Dongs. 

Figure 3. 22. Distributions of the total energy from renewables (x-axis) and the 
portion of energy from GSHP (y-axis) of office buildings in the three Dongs. 

 



3.8.3 Building-integrated renewables mix of the Dongs with similar building 

type compositions 

Figure 3.23 shows the capacity-based and energy-based mix of the building-

integrated renewables in Seongsan-Dong, Daeheung-Dong, and Hapjeong-Dong, 

respectively. The capacity mix of the building-integrated renewables in all the three 

Dongs are similar. However, there is a difference in energy-based mix. Energy 

from solar water heaters and fuel cells (mostly in apartment buildings) take a part 

in renewable energy supply of Seongsan-Dong and Daeheung-Dong while energy 

from solar water heaters and fuel cells are negligible in Hapjeong-Dong. 

It has been found that only large apartment buildings with many households adopt 

solar water heaters or fuel cells because their roof area is usually insufficient for 

meeting 10% of their total energy demand only with photovoltaic panels. Thus, the 

optimal capacities of photovoltaic panel, fuel cell, and solar water heater in each 

large apartment building of Seongsan, Daeheung, and Hapjeong-Dong have been 

shown in Table 3.11. Each row consists of the optimal capacities of the renewables 

and the number of households in each building. All the top large apartment 

buildings in Seongsan-Dong and Daeheung-Dong integrate fuel cells or solar water 

heaters. However, the top three large apartment buildings in Hapjeong-Dong do not 

integrate fuel cell or solar water heater. The lack of solar water heater and fuel cell 

in large apartment buildings makes the total capacity of solar water heater and fuel 

cell very low, resulting in the negligible portion of energy from solar water heater 

and fuel cell in Hapjeong-Dong. This result is consistent with the findings in 

Sections 3.2 ~ 3.6. 

 



Figure 3. 23. Building-integrated renewable energy mix in the three Dongs 
with similar building type compositions  
((a) capacity-based, (b) energy-based) 

 

 



 

 

 

Table 3. 11. Optimal capacities of the renewables and number of households of 
each large apartment building in the three Dongs with similar building type 

compositions. 
 PV [kW] SWH [m2] FC [kW] Number of  

Households 
Seongsan 1,758 107 98 3,710 

501 1,568 0 1,807 
540 0 23 795 
248 0 6 320 
184 0 1 189 
151 0 4 172 
103 0 4 127 

88 0 3 112 
62 0 2 81 
74 0 1 75 

Daeheung 1176 0 63 1,992 
390 0 14 558 

31 210 0 203 
147 0 2 163 

Hapjeong 751 0 0 448 
495 0 0 198 

79 0 0 71 
113 0 3 70 

 

 

 

 

 

 

 

 

 



3.8.4 Effect on the total electricity and gas flows from the grid to the Dongs 

Figure 3.24 shows the annual electricity and gas from the grid to all buildings in 

each Dong including buildings with no renewable energy, before and after the 

renewable energy obligation. The percentile decrease in electricity is higher in 

Seongsan-Dong, Daeheung-Dong, and Hapjeong-Dong which have similar 

building type compositions. On the other hand, the percentile decrease in gas is 

higher in Gongdeok-Dong and Seogyo-Dong where office and neighborhood 

buildings are dominant, respectively.  

It has been found that electricity use decreases significantly in apartment 

buildings because of dominant photovoltaic panels while gas use decreases 

significantly in non-residential buildings because of dominant ground-source heat 

pumps which replace gas heating with electric heating. Therefore, the results in 

five Dongs are consistent with the findings in Section 3.6. 

 

 

 

 

 

 

 

 

 

 

 



Figure 3. 24. Total electricity and gas from the grid to each Dong over a 1-year, 
before and after the renewable energy obligation for buildings 

 



Chapter 4. Framework for a Large City 

 

 

 

4.1 Concept for a Fast Estimation 
 
 
 

The key for a fast estimation is a reduction in the number of optimization. To 

reduce the number of optimizations, buildings with similar characteristics (e.g. 

building type, monthly electricity and gas usages, solar radiation condition, and 

roof area) should be considered as ‘copies’ of one representative building. Then, 

the optimization is required only for the representative buildings, resulting in a 

significant reduction in the number of optimization. It is noted that the 

representative building is a virtual building which is generated for the maximum 

similarities between the representative building and the actual buildings. 

Let us define “cluster” as a set of actual buildings with similar characteristics, and 

also define “clustering” as a process for making the clusters. Figure 4.1 shows the 

concept of clustering and clusters. Actual buildings (represented as circles) in the 

domain have been divided into 4 cells depending on two characteristics. This 

division is clustering, and set of buildings in each cell is a cluster. For each cluster, 

one representative building (represented as triangles in each cell) is generated. Let 

us denote input datasets of each actual building i and each representative building 

of a cluster  as  and , respectively. Then, for the results of the optimization 

problem  and the urban-scale results , the following relation should be met if 

the clustering has been done properly: 



  (4.1) 

 

where  is the number of actual buildings which consist of cluster . 

Additionally, the number of cluster should be much lower than the number of 

actual buildings. 

 

 

 

 

Figure 4. 1. Concept of clustering buildings with similar characteristics and 
representative buildings. 

 
 

 

 

 

 

 



4.2 Framework for Apartment Buildings 
 
 
 
As mentioned in Section 2.3.2, monthly electricity and gas usages of each 

household have been estimated using a correlation− a set of functions of floor area 

per household. Thus, each cluster should consist of buildings with similar floor 

area per household and roof area per household.  

The floor area and roof area per household are scalars. Thus, it is possible to 

create a 2-D scatter plot (Figure 4.2). Actual buildings (denoted as circles) within 

the same intervals of floor area per household and roof area per household 

compose a cluster. For each cluster, a representative building (denoted as triangles) 

with the medians of the ranges of floor area per household and roof area per 

household is created. For example, the representative building corresponding to the 

center of Figure 4.2 has 67.5 m2 of floor area per household and 2.5 m2 of roof area 

per household. Each actual building in the cluster is assumed to have the roof area 

and floor area per household the same as the representative building. For an actual 

building  with  households in a cluster ,  is substituted with 

 where  is the input dataset of one household. Therefore, the number 

of optimization can be reduced significantly because only  should be 

known.  

In some buildings, the roof area could be larger than the required area for the 

optimal capacity of solar panels (denoted as grey area). The buildings with large 

roof area can be substituted by the representative building with smaller roof area 

per household and the same range of floor area per household, resulting in further 



reduction in the number of optimizations. For example, apartment buildings with 

the floor area per household between 55 m2 and 60 m2 and the roof area per 

household over 3 m2 can be considered as a copy of a representative building with 

the floor area per household of 57.5 m2 and the roof area per household of 2.5 m2. 

In this study, resolutions of floor area per household and roof area per household 

have been selected as 5 m2 and 1 m2, respectively, resulting in 957 clusters. Then, 

regardless of the total number of residential building in the city, 957 optimizations 

are sufficient for the urban-scale analysis.  

 

 

 

 
Figure 4. 2. Clusters of apartment buildings with similar floor area per 

household and roof area per household. 
 

 



4.3 Framework for Non-residential Buildings 
 
 
 
4.3.1 Difficulties and concepts 

Compared to clustering residential buildings, clustering non-residential buildings 

is more complex due to the following reasons: 

1) Various shapes of monthly energy usages (Figure 4.3) which cannot be 

converted into scalars (no specific parameter for normalization like number of 

households) 

2) Wide range of scale of annual energy usage (in the order of 103 ~109 kWh) 

(Figure 4.4, note that the figure shows a cumulative distribution) 

To make the clusters of similar buildings, the two vector variables (monthly 

electricity and gas usages) with various shapes and scale should be decomposed 

into elements which can be easily compared with the elements of the other vector 

variables. In this study, the monthly electricity and gas usages are decomposed into 

two normalized vector variables and two scalar variables– normalized monthly 

electricity and gas usage, the ratio between annual gas usage and electricity usage, 

and annual electricity usage. The following sections show the applied methods for 

decomposition. 

 
 
 
 
 
 
 
 
 
 



Figure 4. 3. Various shapes of the monthly energy usage in non-residential 
buildings. 

 
 

Figure 4. 4. Wide range of scale of the annual energy useage in non-residential 
buildings. 

 



4.3.2 Similar shapes of monthly electricity useages 

Let  be 12-dimensional vectors containing monthly electricity usage of actual 

building , respectively. Then, the “shape” of the monthly electricity usage  is 

defined as .  denotes absolute-value norm, the sum of all elements. 

These shapes are normalized vectors because their absolute-value norms are always 

1. Figure 4.5 shows the shape of monthly electricity usages in many buildings. 

Then, each cluster should consist of buildings with similar shapes of monthly 

electricity usages. The shape of monthly electricity and gas usages for the 

representative buildings should be decided.  

In this study, K-means Clustering technique, which is a fast algorithm used for 

data labeling problems in machine learning field [55], has been applied to generate 

two representative shapes of monthly electricity and gas usages for the 

representative buildings. The representative shape vectors  and  are decided 

to minimize of the terms shown below: 

 (4.2) 

 

where  denotes Euclidean norm. The absolute-value norms are multiplied as 

weighting factors.  

Minimization of the term follows steps. First, initially guessed  and  are 

compared with the shape of monthly electricity usage in a building . Second, two 

Euclidean distances- distance between  and and distance between  and 

 are calculated. Third, the smaller distance multiplied with  is added to 

the term to be minimized. Fourth, the aforementioned processes are repeated for 



every building. Fifth, the term is calculated again using the modified  and  

until convergence. 

Figure 4.6 shows the representative shape vectors of monthly electricity usage. 

Each representative building for a cluster has  or  as the shape of its 

monthly electricity usage.  represents a typical building while  represents a 

building with much electricity usage in winter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 4. 5. Shape of monthly electricity usages in actual buildings. 
 

Figure 4. 6. Representative shapes of monthly electricity usages. 
 

 



4.3.3 Similar shape of gas usage 

Let  be 12-dimensional vectors containing monthly electricity usage and 

monthly gas usage of actual building , respectively. Then, the “shape” of the 

monthly gas usage  is defined as . Figure 4.7 shows the shape of 

monthly gas usages in many buildings. Then, each cluster should consist of 

buildings with similar shapes of monthly electricity and gas usages. The shape of 

monthly electricity and gas usages for the representative buildings should be 

decided. As in 4.3.2, K-means Clustering technique has been applied to generate 

two representative shapes of monthly gas usages for the representative buildings. 

The representative shape vectors  and  are decided to minimize of the terms 

shown below: 

 (4.3) 

Figure 4.8 shows the representative shape vectors. Each representative building 

for a cluster has  or  as the shape of its monthly gas usage.  represents a 

typical building while  represents a building with much hot water usage in 

summer. 



Figure 4. 7. Shape of monthly gas usages in actual buildings. 
 

Figure 4. 8. Representative shapes of monthly gas usages. 



4.3.4 Similar ratio between annual gas and electricity usages 

For a non-residential building using gas, the gas-electricity usage ratio is defined 

as the ratio between annual gas usage and annual electricity usage . 

Suppose  as a set of buildings with similar gas-electricity usage ratio, where 

“similar” means ratios between two given boundary values  and . Then, 

the gas-electricity usage ratio of the representative building for should be 

 to match the total gas usage of all the buildings 

for  with the actual value.  

For each building  where , considering  as a copy of the representative 

building means an estimation of the annual gas usage of  as  This 

estimation should be different from the actual annual gas usage . As a proper 

clustering, the sum of the absolute differences fo.r every building should be 

minimized. Let  be the number of the representative gas-electricity usage ratios 

(except for zero) which is an input. Then, an optimization problem for obtaining 

the boundary values of gas-electricity usage ratio  can be 

formulated as below: 

 

Minimize  (4.4) 

Subject to 

 (4.5) 



   ,  (4.6) 

 (4.7) 

 (4.8) 

 

This problem is a discrete assignment problem because each building of a set of a 

finite number of buildings is assigned to one of the clusters depending on the 

unknown boundary values. In this study, Genetic Algorithm, which is a heuristic 

algorithm for solving discrete assignment and combinatorial problems [56] has 

been applied. The default options of MATLAB Global Optimization Toolbox have 

been used. Genetic Algorithm randomly generates many sets of the boundary 

values  as “genes”, and calculates the objective function 

(equation 4.4 in this case) for each of the genes. Then, the genes of next generation 

which are more similar to the genes with lower objectives functions in the preivous 

generation are generated. This ‘inheritance’ is repeated until convergence. The 

whole process is fast, taking only a few seconds in the PC which takes over a 

minute to solve the Linear Programming Problems introduced in Sections 2.4 and 

2.5. 

Figure 4.9 shows the boundary values and representative values obtained with  

= 5 for an exemplary district. For example, the representative buildings for the 

clusters which consist of buildings with gas-electricity usage ratio between 1.427 

and 3.267 have the gas-electricity usage ratio of 2.07. 



Figure 4. 9. Boundary values and representative values of gas-electricity usage 
ratio for an exemplary district (cumulative distribution of the number of 

buildings). 



 Table 4.1 shows that clustering buildings based on the shapes of monthly energy 

usages and 5 gas-electricity usage ratios results in 22 clusters− 2 (  and ) x 2 

(  and ) x 5 (  = 5) + 2(  and ) x 1 (buildings which do not use gas). To 

decide the monthly energy usages, annual electricity usage should be decided. 

 Let  be the annual electricity usage of every representative building for 

obtaining . Then, for an actual building  where ,  is 

substituted with  to match the annual electricity usage to 

. The number of optimization decreases significantly because only  

should be known. 

Table 4. 1. 22 clusters based on the shapes of monthly electricity usage and 
monthly gas usage, and gas-electricity usage ratio. 

Gas > 0

Gas = 0 

 



4.3.5 Similar roof area 

The method for generation of the representative buildings has been explained 

without consideration of roof area. However, roof area should be also considered 

because many buildings have small roof area. Let  and be the optimal 

capacities of Photovoltaic and Solar water heater in the representative building 

with annual electricity usage , obtained without the constraint regarding roof 

area (Equation 2.25). Then, for an actual building  with annual electricity usage 

, a threshold roof area, denoted as , can be calculated as below: 

 (4.9) 

 

where  and  are the area per unit capacity of Photovoltaic and Solar 

water heater, respectively. If the actual roof area of building , denoted as , is 

higher than , the roof area does not affect the optimal solution. However, if is 

lower than , the roof area makes the optimal capacities of Photovoltaic and Solar 

water heater decrease. The “roof area ratio” defined as  (lower than 1) is 

different for every building. The effect of roof area on the optimal solution should 

be weak for buildings with roof area ratio near 1 while the effect should be strong 

for buildings with roof area ratio near 0. Therefore, one more clustering regarding 

the roof area ratio is required to generate the representative buildings with small 

roof area. 

Suppose  as a set of buildings with the roof area ratio between two given 

values  and  (which are less than 1). Then, the roof area ratio of the 

representative building for  should be  to match 

the total roof area of all the buildings in  with the actual value. Let  be the 



number of the representative roof area ratios (lower than 1) which is an input. Then, 

an optimization problem for obtaining the boundary values of roof area ratio 

, of which structure is similar to the problem introduced in Section 

3.3.2, can be formulated as below: 

 

Minimize  (4.10) 

Subject to 

 (4.11) 

   ,  (4.12) 

 (4.13) 

 (4.14) 

 

This problem also has been solved via Genetic Algorithm with the default options 

of MATLAB Global Optimization Toolbox. Figure 4.10 shows an example of the 

boundary values and representative values of the roof area ratio obtained with 

. For example, the representative buildings for the clusters which consist of 

buildings with the floor area ratio between 0.374 and 0.618 have the floor area ratio 

0.480. 

Clustering the buildings based on the two representative shapes of monthly 

electricity and gas usages, 5 representative gas-electricity usage ratios, and 3 

representative roof area ratios result in 88 clusters– 22 x 4 (Three for buildings 

where , and one for buildings where ).  

 



 

 

 

Figure 4. 10. Boundary values and representative values of roof area ratio for 
a cluster of buildings in an exemplary district (cumulative distribution of the 

number of buildings). 
 

 

 

 

 

 



4.4 Validations of the Framework 
 
 
 
4.4.1 Test case 

The framework must be validated by checking consistency between the results 

from optimization for every building and the results form the proposed framework. 

Buildings in Mapo-Gu, Seoul have been selected as the test case. For residential 

buildings, results from optimization of 4,425 apartment buildings and 957 

representative buildings have been compared. For non-residential buildings, results 

from optimization of 2,779 buildings (2,177 neighborhood buildings and 602 office 

buildings) and 176 representative buildings (88 x 2 building types) have been 

compared. Although there are some non-residential buildings with other types, they 

are not considered because the numbers of these buildings are not enough to take 

the merit of reduced number of optimizations. The renewable energy requirements 

have been assumed as 10% and 30% for apartment buildings and non-residential 

buildings, respectively. The detailed information for clustering the non-residential 

buildings is described in Appendix D. 

 

4.4.2 Validations – apartment buildings 

Table 4.2 shows the comparison of the total energy supply and capacities of 

photovoltaic panels, solar water heaters, and fuel cells in 4,425 apartment buildings 

in Mapo-Gu. Overall, the comparison shows a good agreement considering the 

errors in total energy supply and capacity of photovoltaic, which is the major 

renewable energy source in the residential sector, are only 2.0%.  



4.4.3 Validation – non-residential buildings 

Table 4.3 shows the comparison of the total energy supply and capacities of the 

building-integrated renewables in the 2,779 buildings. Fuel cells have been 

neglected because the total energy supply of fuel cells in the non-residential 

building is negligible. Energy supply and capacity of photovoltaic panels and 

energy supply of ground-source heat pumps show very good agreement. Although 

energy supply and capacity of solar water heater show large errors, it is not 

problematic because the energy supply of solar water heater is minor.  

The error in capacities of ground-source heat pump is -9.6%, which is not 

negligible. However, it is not critical because the error in the total annual 

equivalent cost of all of the buildings is only -2.35% (166.82 x 109 Won from the 

proposed framework vs. 170.84 x 109 Won from the optimization for every 

building).  

Figure 4.11 shows the comparisions of the total energy supply and the total 

capacity of the renewables in a graphical way. 

 



Table 4. 2. Comparison of total energy supply and capacities of PV, SWH, and 
PEMFC in 4,425 apartment buildings obtained by the two processes. 

Energy  
[GWh] 

 Photovoltaic Solar water 
heater 

Fuel cell  

Proposed  
framework 

74.85 2.43   16.12 

Optimization  
for each building 

73.39 2.68 18.64 

Error 2.0% -9.4% -13.5% 

Capacity  Photovoltaic  
[MW] 

Solar water 
heater  
[103 m2] 

Fuel cell 
[MW] 

Proposed  
framework 

59.70 4.25 0.85 

Optimization  
for each building 

58.53 4.69 0.99 

Error 2.0% -9.4% -13.5% 

Table 4. 3. Comparison of total energy supply and capacities of PV, SWH, and 
GSHP in 2,779 non-residential buildings obtained by the two processes. 

Energy  
[GWh] 

 Photovoltaic Solar water 
heater 

Ground-
source heat 
pump 

Proposed  
framework 

97.09 0.40 482.94 

Optimization  
for each building 

94.41 4.67 479.90 

Error 2.8% -91.5% 0.6% 

Capacity  Photovoltaic 
[MW] 

Solar water 
heater [103 
m2] 

Ground-
source heat 
pump 
[MW] 

Proposed  
framework 

73.55 0.69 150.17 

Optimization  
for each building 

71.53 9.01 166.06 

Error 2.8% -92.3% -9.6% 

 

 



Figure 4. 11. Comparison of the renewable energy portfolio for the buildings 
obtained by the two processes. 

 

 

 

 

Figures 4.12 and 4.13 show the monthly electricity and gas flows from the grid to 

the 2,779 neighborhood and office buildings in Mapo-Gu. Both electricity and gas 

from the grid show very good agreement. Especially, the consistency of monthly 

gas flow (Figure 4.12) is good considering that only 5 representative values of gas-

electricity usage ratio have been used.  

Figure 4.14 shows hourly power flows from the grid. The hourly power flow also 

shows good agreement. The peak values from the two processes are near the same 

(214.5 MW and 214.6 MW). 

 

 

 



Figure 4. 12. Comparison of monthly electricity from the grid to the buildings 
obtained by the two processes. 

Figure 4. 13. Comparison of monthly gas from the grid to the buildings 
obtained by the two processes. 

y



Figure 4. 14. Comparison of hourly power flow from the grid to the buildings 
obtained by the two processes. 

 



4.4.4 Reason of the error in capacity of Ground-source heat pump 

The error in the total capacity of ground-source heat pump should be explained 

because ground-source heat pump takes the greater part of building-integrated 

renewables mix in the non-residential sector. The error of -9.8% is unnatural 

considering the small error in total energy from ground-source heat pump (0.9%). 

For explanation, the ratio between estimated and actual capacity of Ground-source 

heat pump (x-axis) and the ratio between estimated and actual energy from ground-

source heat pump (y-axis) in every building have been plotted (Figure 14). The 

term “estimated” means the result from  while “actual” means 

the result from . Value over 1 means overestimation of capacity or energy 

compared to the actual capacity or energy, and value under 1 means 

underestimation.  

Most of the points are near the line y = x, meaning the same relative errors in 

capacity and energy. For example, if the estimated energy from ground-source heat 

pump in a building is 20% higher, the estimated capacity is natural to be about 20% 

higher. However, y >> x holds for some points (indicated with the grey area). In the 

buildings corresponding to these points, the increment of energy from ground-

source heat pump by estimation is much higher than the increment of the capacity 

of ground-source heat pump. The lower increment of capacity is consistent with the 

underestimation of the total capacity of ground-source heat pump. In Figure 4.15, y 

over x means the ratio between estimation and actual capacity factor of ground-

source heat pump in each building. Thus, the capacity factor of ground-source heat 

pump is significantly overestimated for these buildings. 



Figure 4. 15. Distribution of ratio between estimated value and actual value of 
capacity and energy supply of GSHP in each building. 



The overestimation of capacity factor is a combined effect of estimation errors in 

shapes of monthly electricity and gas usages, gas-electricity usage ratio, and roof 

area. Nevertheless, most part of the overestimation of the capacity factor of 

ground-source heat pump can be explained by the estimation error in the shape of 

monthly electricity usage (Figure 4.16). Most of these buildings have shapes of 

monthly electricity usage similar to the exemplary patterns (grey solid curves) with 

lower electricity usage from December to March compared to the representative 

shape (red dashed curve) which is equivalent to  in Figure 4.6. Using the 

representative shape overestimates the electricity usage from December to March, 

which is considered as an increment in electricity for space heating. Then, the 

energy supply of ground-source heat pump in heating season (from December to 

April) increases without an increase in the capacity, resulting in increased capacity 

factor.  

Meanwhile, the variations in shapes of monthly gas usage or gas-electricity usage 

ratio do not affect the capacity factor of ground-source heat pumps much because it 

mainly affects space heating demand met by gas boilers from December to 

February. 



Figure 4. 16. Comparison of the shapes of monthly electricity usage in actual 
buildings and a representative building. 

 



4.5 Sensitivity Analysis  
 
 
 

In the proposed framework for non-residential buildings, the number of 

representative shapes of monthly electricity usage and gas-electricity usage ratios 

(  in Section 4.3.4) are inputs. Thus, sensitivity analysis regarding the numbers 

has been conducted. Table 4.4 shows the comparison of the total energy supply and 

capacities of photovoltaic panels, solar water heaters, and ground-source heat 

pumps. Table 4.5 shows the errors in the comparison of the total energy supply and 

capacities of photovoltaic panels, solar water heaters, and ground-source heat 

pumps. Figure 4.17 shows the relative values of the capacities and energy supply of 

the renewables, compared to the default setting (88 clusters for each building type). 

 

4.5.1 3 shapes 

First, another clustering with three representative shapes of monthly electricity 

usage has been conducted. A term  has been added in Equation 

4.2 to generate an additional representative shape of monthly electricity usage . 

The number of clusters for each building type increases from 88 to 132. This 

investigation is necessary because the main reason for the error in total capacity of 

ground-source heat pumps is the overestimated space heating demand due to the 

representative shape of monthly electricity usage. 

Using the three representative shapes of monthly electricity usage, the overall 

errors have been decreased a bit. However, a considerable error in the capacity of 

ground-source heat pumps (-8.8%) still exists even if three representative shapes of 



monthly electricity usage have been applied. Therefore, increasing the number of 

representative shapes of monthly energy usage is not effective for accuracy 

improvement, considering the increased number of optimization. 

 

4.5.2 Gas-electricity ratios 

Second, three other clusterings with  as 3, 4 and 6, respectively, have been 

conducted while the default value of  in Section 4.3.4 is 5. The number of 

clusters for each building type changes from 88 to 56, 72 and 104, respectively. 

If  is 3, the capacity and energy supply of photovoltaics is highly 

overestimated while the capacity and energy supply of ground-source heat pumps 

is a bit underestimated compared to the default setting. Also, the change in  

affects the accuracy in estimation of the total capacity and energy supply of solar 

water heaters which is minor in the non-residential sector. However, if  is 4 or 

higher,  has litte effect to the accuracy in estimation of the total capacities and 

energy supply of photovoltaic panels and ground-source heat pumps which are the 

major renewable energy sources. 

 

 

 

 

 

 

 

 



 

 

 

Table 4. 4. Comparison of the total energy supply and capacities of PV, SWH, 
and GSHP in 2,779 non-residential buildings obtained by clusterings with 

modified inputs. 
Energy  
[GWh] 

 Photovoltaic Solar water 
heater 

Ground-
source heat 
pump 

Proposed  
framework (Default) 

97.09 0.40 482.94 

Proposed  
framework (3 shapes) 

96.69 0.43 482.29 

Proposed  
framework ( ) 

124.95 0 456.83 

Proposed  
framework ( ) 

97.07 0 484.28 

Proposed  
framework ( ) 

96.54 0.76 482.26 

Optimization for  
each building 

94.41 4.67 479.90 

Capacity  Photovoltaic 
[MW] 

Solar water 
heater [m2] 

Ground-
source heat 
pump [MW] 

Proposed  
framework (Default) 

73.55 694 150.17 

Proposed  
framework (3 shapes) 

73.26 758 151.39 

Proposed  
framework ( ) 

94.66 5 137.92 

Proposed  
framework ( ) 

73.54 0 149.53 

Proposed  
framework ( ) 

73.14 1,334 149.91 

Optimization for  
each building 

71.53 9,006 166.06 

 

 

 

 



 

 

 

Table 4. 5. Comparison of the errors in total energy supply and capacities of 
PV, SWH, and GSHP in 2,779 non-residential buildings obtained by 

clusterings with modified inputs. 
 Photovoltaic Solar water 

heater 
Ground-
source heat 
pump 

Error in 
energy 

Proposed  
framework (Default) 

2.8% -91.5% 0.6% 

Proposed  
framework (3 shapes) 

2.4% -90.7% 0.5% 

Proposed  
framework ( ) 

32.3% -100.0% -4.8% 

Proposed  
framework ( ) 

2.8% -100.0% 0.9% 

Proposed  
framework ( ) 

2.2% -83.7% 0.5% 

 Photovoltaic Solar water 
heater 

Ground-
source heat 
pump 

Error in 
capacity 

Proposed  
framework (Default) 

2.8% -92.3% -9.6% 

Proposed  
framework (3 shapes) 

2.4% -91.6% -8.8% 

Proposed  
framework ( ) 

32.3% -100.0% -15.4% 

Proposed  
framework ( ) 

2.8% -100.0% -10.0% 

Proposed  
framework ( ) 

2.2% -85.2% -9.7% 

 

 

 

 



Figure 4. 17. Relative values of the capacities and energy supply of the 
renewables (100% for the default setting- 88 clusters) 

 

 

4.5.3 Energy flows from the grid 

Figures 4.17 and 4.18 shows that the monthly electricity and gas flow from the grid 

remain near the same even if the number of clusters changes. Therefore, the effects 

of the building-integrated renewables on energy flows from the grid are insensitive 

to the change in the number of clusters. 

 



Figure 4. 18. Comparison of the monthly electricity from the grid to the non-
residential buildings esitmated by clusterings based on the modified inputs 

 

Figure 4. 19. Comparison of the monthly gas from the grid to the non-
residential buildings esitmated by clusterings based on the modified inputs 

  



Chapter 5. Applications of the Framework 
 

 

 

The proposed framework enables a quantitative analysis of the effects of 

increased building-integrated renewables in a large city. The outcomes of the 

analysis include the total capacity and energy supply of each renewable energy 

source, the portion of the renewables in the residential and non-residential sector, 

variation in the electricity and gas flows from the grid, decrease of the total CO2 

emission, and increase of the total cost. 

Chapter 5 presents two applications of the framework, demonstrated for Seoul, 

Korea. Section 5.1 presents the expected result of the future scenario introduced in 

Section 3.1.2 (renewable energy requirements 10% and 30% for apartment and 

non-residential buildings with a floor area over 500 m2, respectively) for the whole 

buildings in Seoul. Section 5.2 presents a parametric study which evaluates the 

cost-effectiveness of reducing CO2 emssion using the building-integrated 

renewables, by obtaining the results for varying renewable energy requirements. 

The performance and cost values of Table 2.1 ~ 2.4 are assumed to be applied to 

every building.  

 
 
 
 
 
 
 
 



5.1 A Scneario of the Obligation for Building-Integrated 

Renewables 

 
 

 

5.1.1 Assumptions 

For Seoul, Korean Meteorology Center published only one hourly weather profile 

dataset. Thus, the spatial variation of hourly solar irradiance profile in Seoul has 

been neglected. This assumption is acceptable for an urban-scale policy study 

because the length and width of Seoul (36.8 km and 30.3 km, respectively) are 

much shorter than 150 km (hourly irradiance profiles at two points of distance less 

than 150 km are correlated [57]).  

Table 5.1 shows the number of optimization required for the analysis on Seoul for 

two methods− 1) optimization for every building, and 2) using the proposed 

framework based on the assumptions. The number of optimization for non-

residential buildings using the framework is derived from 6 types of buildings 

(neighborhood, office, welfare & hospital, department store, religious facility, and 

hotel) x 88 clusters for each building type. The total number of optimizations has 

been reduced by 98.7% due to the proposed framework. 

Figure 5.1 shows the actual total power load of Seoul and the estimated total 

power load of the buildings in Seoul based on the process introduced in Section 2.3, 

for a weekday in March. The total actual power load of Seoul (from the Korea 

Electric & Power Corporation Big Data Center) includes the power loads of 

buildings, transportation, streetlamps, industrial, and others. Comparison of the two 



profiles implies that both the order of magnitude and the shape of the total 

estimated power load of the building is reasonable. Therefore, the analysis on 

Seoul is valid. 

 
Table 5. 1. Required numbers of optimizations for actual buildings in Seoul 

and representative buildings. 
 Number of actual buildings Number of clusters 
Apartment buildings 52,977 957 
Non-residential buildings 60,919 528 
Total 113,896 1,485 
 

Figure 5. 1. Comparison between the actual total power load of Seoul and the 
estimated total power load of buildings in Seoul for a weekday in March. 

 
 
 
 



5.1.2 Expected results 

Table 5.2 shows the expected total capacity of each building-integrated renewable 

energy source in Seoul under the given scenario. About 4 GW of Photovoltaic 

panels and Ground-source heat pumps are expected to be integrated into buildings.  

Solar water heaters are expected to be integrated into some buildings, and fuel cells 

are expected to be integrated into some apartment buildings as complementary 

energy sources. Batteries are integrated into some of the non-residential buildings, 

but the total capacity is expected to be very small compared to the total capacity of 

photovoltaic panels.  

Figures 5.2 ~ 5.5 show the energy supply mix of the increased building-integrated 

renewables. In the residential sector, electricity from photovoltaic panels (2,790 

GWh) takes about 82% of the total renewable energy supply. Heat from solar water 

heaters (87 GWh), electricity and heat from fuel cells (244 GWh and 281 GWh) 

also take some parts. In the non-residential sector, space heating and space cooling 

from ground-source heat pumps (6,247 GWh and 4,815 GWh) take about 83% of 

the total renewable energy supply. Electricity from photovoltaic panels also takes 

some parts. However, energy from solar water heaters and fuel cells are negligible. 

 

Table 5. 2. The total capacities of the renewable energy sources and batteries 
in Seoul under the future scenario. 

 PV  
[MW] 

SWH  
[103 m2] 

GSHP  
[MW] 

PEMFC  
[MW] 

Battery 
[MWh] 

Residential 2,225 152.4 - 27.8 - 
Non-residential 1,845 163.1 3,183 0.5 243.9 
Total 4,070 315.5 3,183 28.3 243.9 
 



Figure 5. 2. Estimated renewable energy mix of building-integrated 
renewables in the apartment buildings of Seoul under the future scenario 

 

 

Figure 5. 3. Energy portfolio of the apartment buildings with renewables in 
Seoul under the future scenario 

 



Figure 5. 4. Estimated renewable energy mix of building-integrated 
renewables in the non-residential buildings of Seoul under the future scenario 

Figure 5. 5. Energy portfolio of the non-residential buildings with renewables 
in Seoul under the future scenario 

  



Figures 5.6 and 5.7 show the energy from the grid to all buildings, including 

buildings without the integration of renewable energy. Electricity from the grid 

decreases in all months while gas from the grid decreases in the winter. Annual 

electricity from the grid to all buildings decreases from 44,652 GWh to 39,079 

(decreases by 12.5%) while annual gas from the grid to all buildings decreases 

from 53,367 GWh to 49,234 GWh (decreases by 7.7%). Based on the CO2 

emission of a unit energy usage (0.459 tCO2/MWh and 0.187 tCO2/MWh for 

electricity and gas, respectively, from the Korea Energy Agency), the total CO2 

emission decreases from 30.47 Mton to 27.14 Mton (decreases by 10.9%). 

Figure 5.8 shows the hourly power from the grid to all buildings in Seoul, plotted 

for 3rd Tuesday of each month. The peak power in the summer decreases about 2 

GW in sunny days while the peak power in winter does not decrease much due to 

the operation of Ground-source heat pumps for space heating in the winter morning. 

The annual peak power load decrease near 1 GW (decreases by 10.1%). Also, 

photovoltaic panels may cause a sudden large decrease of total power load during 

the daytime, potentially by over 3 GW. Thus, the grid flexibility resources for 

dealing with the load variation of 3 GW should be prepared for the future scenario. 

 



Figure 5. 6. Estimated monthly electricity from the grid to all of the buildings 
in Seoul under the future scenario 

Figure 5. 7. Estimated monthly gas from the grid to all of the buildings in 
Seoul under the future scenario 



Figure 5. 8. Estimated hourly power flow from the grid to all of the buildings 
in Seoul under the future scenario (3rd Tuesday of each month). 



5.1.3 Expected results 

The expected renewable energy portfolio for non-residential buildings explained 

in Chapter 4 and Section 5.1.2 have been derived based on the assumption- every 

non-residential building can choose ground-source heat pump as renewable energy 

source. However, integration of ground-source heat pump into a building is 

difficult unless the building is under renovation, rebuilding, or extention. Thus, the 

results in Chapter 4 and Section 5.1.2 should be considered as the results of a long-

term scenario. To simulate a short-term scenario, an additional renewable energy 

portfolio for non-residential buildings has been derived, based on an assumption- 

ground-source heat pump cannot be installed in any building. Understandably, the 

the validity of the framework for the case of no ground-source heat pump has been 

proved (shown with Figure E.1 in Appendix E). 

Figure 5.9 shows the renewable energy supply mix for non-residential buidlings 

in Seoul, considering no ground-source heat pump and the renewable energy 

requirement as 14% (the goal of the current policy until 2023). The total capacities 

of photovoltaic panels, solar water heaters, fuel cells, and batteries are 1,490 MW, 

1,972x103 m2, 172 MW, and 473 MWh, respectively. Compared to Figure 5.4, the 

relative portion of electricity from photovoltaics has been increased. However, the 

portion of electricity and heat from fuel cells, and heat from solar water heater take 

significant parts of the renewable energy portfolio. Also, compared to the results 

for non-residential buildings in Section 5.1.2, the total capacity of batteries is 

higher even though the renewable energy requirement is lower. 



Figure 5. 9. Estimated renewable energy mix for the non-residential buildings 
of Seoul under the short-term scenario. 

 

 

 

 

 

 



5.2 Parametric Study: Cost-effectiveness of CO2 Reduction  

 
 
 

An increase of the renewable energy requirement for buildings makes urban CO2 

emission decrease. However, the requirement over a certain value causes a 

significant increase in total cost, which may make the CO2 reduction cost-

prohibitive.  

Thus, the building renewable energy requirement for apartment buildings and 

non-residential buildings (with floor areas over 500 m2) in Seoul has been 

evaluated, from the view of cost-effective CO2 reduction. 

 

5.2.1 Assumptions 

Annual CO2 emission in each building has been calculated as below: 

 (5.1) 

 

where the coefficients 0.459 and 0.187 (tCO2/MWh) are from the Korea Energy 

Agency.  

Although each building can integrate renewable energy sources for the renewable 

energy portion higher than the requirement if economical, the simulation should 

show the results from the exact value of the renewable energy requirement. Thus, 

Equations 2.17 and 2.33 which are inequality constraints have been changed into 

equality constraints. 

 For the apartment buildings, the results have been derived for the renewable 



energy requirements of 1% ~ 15% at intervals of 1%. The total number of 

optimizations is 14,355. For the non-residential buildings, the results have been 

derived for the renewable energy requirements of 2% ~ 30% at intervals of 2%. 

The total number of optimizations is 7,920. Had there been no framework for fast 

estimation of the effects of building-integrated renewables on large cities, the 

required number of optimization would have been 794,655 and 913,785 for 

apartment and non-residential buildings, respectively. The proposed framework 

enables the parametric study by providing a way to avoid such large numbers of 

optimizations. 

 

5.2.2 CO2 emssion and reduction 

Figures 5.10 and 5.11 show the total annual CO2 emission and the total annual 

CO2 reduction in all of the apartment buildings and non-residential buildings with 

renewables, respectively, for varying renewable energy requirement. As the 

requirement increases by 1%, the CO2 reduction increases by about 80.5 kton and 

41.4 kton in the apartment and non-residential buildings, respectively. 

The CO2 reduction is lower for non-residential buildings compared to apartment 

buildings. The main reason is that the primary energy usage reduction per unit 

renewable heat supply of ground-source heat pumps in non-residential buildings 

(replacing electric heat pumps) is much lower than that of solar water heater or 

biomas boilers (replacing gas boilers) [58]. 



Figure 5. 10. Total annual CO2 emission and total annual CO2 reduction in all 
of the apartment buildings with renewables. 

Figure 5. 11. Total annual CO2 emission and total annual CO2 reduction in all 
of the non-residential buildings with renewables. 



5.2.3 Total equivalent annual cost 

 Figures 5.12 and 5.13 show the total equivalent annual cost which is the sum of 

the objective function for every apartment building and non-residential building 

with renewables, respectively, for varying renewable energy requirement. The total 

cost is negative with the requirements less than 10%, meaning that integration of 

renewables to an extent is the cost-effective option for building energy system. The 

total cost becomes the minimum with small requirements (5% and 4% for 

apartment buildings and non-residential buildings, respectively). However, as the 

requirement increases, the total cost increases exponentially.  

There are three reasons of the exponential increase of the total equivalent annual 

cost. First, expensive fuel cells in large apartment complexes with small roof area 

increase to provide more renewable energy. Second, capacity factor of ground-

source heat pumps in non-residential buildings decreases. Third, batteries in non-

residential buildings increase for more self-consumption of electricity from 

photovoltaic panels. 

 



Figure 5. 12. Total equivalent annual cost in all of the apartment buildings 
with renewables. 

Figure 5. 13. Total equivalent annual cost in all of the non-residential buildings 
with renewables. 

 



5.2.4 CO2 emssion and reduction 

For evaluation on cost-effectiveness, the unit cost of CO2 reduction which is 

defined as the increase in total equivalent annual cost divided with the total annual 

CO2 reduction has been investigated. Figures 5.14 and 5.15 show the cost of unit 

reduction in CO2 in all of the apartment buildings and non-residential buildings 

with renewables, respectively, for varying renewable energy requirement. As the 

requirement increases, the cost of unit reduction in CO2 increases without a local 

minimum point.  

The red horizontal bars represent the range of CO2 price in Korean CO2 market 

during a year (from March 2018 to March 2019) [59]. The unit cost of CO2 

reduction using building-integrated renewables is lower for the requirements of less 

than 9% and 14% for apartment buildings and non-residential buildings, 

respectively. Thus, 9% and 14% can be considered as the upper limits for cost-

effective CO2 reduction using building-integrated renewables.  

It is noted that the requirements 10% and 14% are nearly consistent with the final 

goal of the current plan for green buildings in Seoul by 2023. Therefore, based on 

the analysis using the proposed framework, the requirements are suggested to be 

maintained in future plans.  

 



Figure 5. 14. Cost of unit reduction in CO2 in all of the apartment buildings 
with renewables. 

Figure 5. 15. Cost of unit reduction in CO2 in all of the non-residential 
buildings with renewables  



Figures 5.16 and 5.17 Show the cost of unit reduction in CO2 in all of the non-

residential buildings with renewables, under two scenarios- 1) integration of 

ground-source heat pumps (black curve), and 2) no integration of ground-source 

heat pumps (blue dotted curve). If the ground-source heat pumps are not integrated 

into any building, the cost becomes much higher due to expensive fuel cells and 

increase of batteries which do not generate energy by itself. These two curves can 

be considered as the lower and upper limits of cost of unit reduction in CO2 by 

integration of renewables into buildings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 5. 16. Cost of unit reduction in CO2 in all of the non-residential 
buildings with renewables under the two scenarios. 

Figure 5. 17. Cost of unit reduction in CO2 in all of the non-residential 
buildings with renewables under the two scenarios (Zoom-in). 

 



Chapter 6. Conclusions 
 
 
 
6.1 Summary 

 
 
 

The collective effect of building-integrated renewables on a Korean urban area 

under a scenario of obligation for building-integrated renewables has been 

investigated. For each of the buildings, the optimal renewable energy system which 

consists of photovoltaic panel, solar water heater, ground-source heat pump, and 

fuel cell has been determined considering the estimated hourly energy loads of the 

building. The following are the detailed points. 

1)  Renewable energy mix for the apartment buildings consists of photovoltaic 

panels, fuel cells, and solar water heaters. Most of the apartment buildings adopt 

photovoltaic panels as the only renewable energy source. Fuel cells or solar 

water heaters are integrated as complmentary sources into high-rise apartment 

buildings with many households and insufficient roof area. The choice of fuel 

cell or solar water heater depends on the net monthly electricity use per 

household after integration of photovoltaic panels. 

2)  Renewable energy mix in the non-residential buildings consists of ground-

source heat pumps and photovoltaic panels. The portion of energy from ground-

source heat pump in each building depends on the portion of the space heating 

and cooling demand. Also, ground-source heat pump becomes more economical 

in the buildings which consume much gas for space heating because the cost for 

unit heat supply is higher for boilers compared to electric heat pumps. 



3)  The increased building-integrated renewables decreases the annual electricity 

and gas from the grid by 17.1% and 3.3%, respectively. Electricity from the grid 

decreases due to the photovoltaic panels and the fuel cells. Gas from the grid 

decreases only in the winter due to the ground-source heat pumps in non-

residential buildings.  

4)  The photovoltaic panels induce a significant variability in the total power load 

of the buildings in the district. 

5)  The operation of ground-source heat pumps in the winter mornings and the 

lower power generation of photovoltaic panels in the mornings result in the 

appearance of annual power peak in the winter mornings. 

 

Also, a new framework has been proposed to enable assessment of the effects on a 

large city (with 105 or more buildings). Reduction in the number of optimization 

has been achieved by gathering the buildings with similar characteristics as a 

cluster and considering the similar buildings as copies of a virtual representative 

building. The following are the detailed points. 

1)  Each cluster of apartment buildings consists of buildings with floor area per 

household and roof area per household in the same intervals. 

2)  Each cluster of non-residential buildings consists of buildings with the same 

building type, similar normalized monthly electricity and gas usages, similar 

ratio between annual electricity and gas usages, and similar normalized roof 

area. To make the clusters of non-residential buildings, K-Means Clustering and 



Genetic Algorithm have been applied. 

3)  It has been validated that the results – total capacities and energy supply of the 

major renewable energy sources and temporal profiles of electricity and gas 

from the grid to the buildings – from the proposed framework match well with 

the results from the optimization for every building. 

4)  An error in the total capacity of the ground-source heat pumps is caused by the 

difference between actual and representative normalized monthly electricity 

usages. The consistency of the results is not sensitive to the number of clusters. 

 

Finally, two applications of the proposed framework have been demonstrated for 

Seoul, Korea. First, the expected outcomes of a future scenario of an obligation 

(renewable energy requirements of 10% and 30% for apartment and non-residential 

buildings, respectively) have been obtained. Second, appropriateness of the 

renewable energy requirement for buildings has been evaluated from the 

perspective of cost-effective CO2 reduction, based on a parmetric study. The 

following are the detailed points.  

1)  Under the future scenario, installation of about 4 GW of photovoltaic panels 

and ground-source heat pumps is expected. The total electricity and gas from 

the grid are expected to decrease by about 5,573 GWh (-12.5%) and 4,133 GWh 

(-7.7%), respectively. The peak power load is expected to decrease by about 1 

GW. The load variation of about 3 GW during the daytime is expected. 

2)  As the renewable energy requirement increases, the total CO2 reduction 



increases sublinearly. The total cost decreases until the requirements of 4~5% 

and become lower than the case of zero renewables until the requirements of 

8~9%, but the total cost increases exponentially after 10%. 

3)  As the renewable energy requirement increases, the cost of unit reduction in 

CO2 increases without a local minimum. The cost of unit reduction in CO2 at 

the requirements of the Seoul Green Building Design (10% and 14% for 

apartment and non-residential buildings, respectively, by 2023) are similar to 

the price of CO2 in Korean CO2 market. Therefore, the requirements of the 

plan can be considered as the upper limits of cost-effective CO2 reduction. 

 

 

 

 

 

 

 

 

 

 



6.2 Recommendations for Future Work 
 
 
 
 The proposed framework for investigation of the city-scale effects of building-

integrated renewables has been used to simulate the expected outcomes of a future 

scenario of an obligation for building-integrated renewable energy. Also, the 

framework has been used to evaluate the appropriateness of the renewable energy 

requirement based on the unit cost of CO2 reduction. Considering the contributions 

of this study, the following seem to be available for the future works.   

 

1)  Other possible formats of the obligation for building-integrated renewables 

can be simulated. The other formats include a given portion of reduction of 

CO2 emission or primary energy consumption, modification in the calculation 

of total energy supply from renewables, obligation related to peak-cut, 

different requirements for each building type, etc. 

2)  Not only an obligation but also an incentive policy can be simulated with the 

framework depending on formulation of the Linear Programming Problem. 

Effects of incentives for both installation cost and operation cost (e. g. reduced 

rates for gas consumption by fuel cells) can be analyzed. 

3)  For a given policy, the distribution of the increase in the equivalent annual 

cost of each building can be obtained. The distribution can be analyzed to find 

whether there are buildings with unreasonably high increment in cost due to 

integration of renewables compared to other buildings. If there are some 

buildings with the unreasonable increment in cost, investigation on the 



characteristics of the buildings and simulation of a complementary policy for 

the problem are possible with the proposed framework.  

4)  A scenario analysis based on the variation in the cost of renewable energy 

sources is also important, considering the continued decrease in the cost of 

photovoltaic panels and fuel cells. 

5)  Ultimately, the framework can be used to design the best policy for cost-

effective CO2 reduction with integration of the renewable energy sources into 

buildings. Comparison of the simulation results of the best practices in many 

other countries and newly suggested formats can lead to the finding of 

appropriate policy. 

 

 

 

 

 

 

 



Appendix A. Models for Solar Energy Sources 
 
 
 
A.1. Hourly irradiation on a tilted surface  

 

 Energy produced by photovoltaic panels and solar water heaters are functions of 

hourly irradiation on a tilted surface . This chapter explains the process for 

calculation of  at a given location and time. 

First, the extraterrestrial radiation on a horizontal plane at a certain place and time 

should be obtained. The global solar constant  which is a flux density of solar 

radiation on entry point into atmosphere is about 1,367 W/m2 with an uncertainty 

of 1%. Then, the extraterrestrial radiation on a horizontal plane at a certain place 

and time  can be calculated as below [60]: 

(A.1) 

 

where  is the number of day (1 for January 1st, and 365 for December 31th),  

is latitude of the place,  is hour angle which is zero at noon and positive after 

noontime while negative before noontime,  is declination angle between the 

Sun’s rays and the equator which is given as . 

To obtain the cumulative solar energy for an hour,  should be integrated from 

the corresponding hour angle  to . The total extraterrestrial 

solar energy for an hour on a horizontal plane  can be calculated as below:  



(A.2) 

 

To convert the solar energy on a horizontal plane into the energy on a tilted plane, 

the angle of incidence  shoud be calculated as below: 

(A.3) 

 

where is the tilt angle, and  is the azimuth angle. 

The interaction between solar radiation and atmosphere such as reflection, direct 

radiation, and diffuse radiation should be considered. Given the hourly global 

horizontal irradiance (GHI) from the Korean Meteorological Administration  

[61], the terrestrial radiation on the tilted surface  can be obtained by the HDKR 

model [62] as below: 

(A.4) 

 

where  is the zenith angle calculated as below: 

(A.5) 

 

 
 



The fraction of the reflected energy (albedo)  is about 0.35.  is beam 

radiation, and  is diffuse radiation, To calculate , one of  or  should be 

estimated because only  is given. The estimation is possible using 

clearness index ( ) which is the fraction of the solar radiation transmitted 

through the atmosphere to reach the surface of Earth. Erbs’ correlation gives the 

relationship between  and  [63] (Figure A.1). 

(A.6) 

(A.7) 

(A.8) 

 

 Then,  can be estimated since , and  can be obtained. 

 

 

Figure A. 1. Erbs’ correlation. 
 



A. 2. Models for Photovoltaic panels and Solar water heaters 

 
 Practically, photovoltaic panel can be assumed to convert  to power  

with a constant efficiency. Figure A.2 shows the comparison of a measured power 

generation of PV panels at a water station in Korea, and the estimated PV power 

generation at the site. The good agreement implies that the models for hourly 

irradiation and photovoltaic panels are valid. 

Heat produced by a 1 m2 solar water heater can be calculated as [64]: 

 (2.55) 

  

where  is a constant which represents the efficiency of Solar water heaters,  is 

the thermal transmittance,  is the temperature of the water entering the 

collector of solar water heater approximated by a constant [10], and  is the 

air temperature.  

 



Figure A. 2. Comparison of measured power generation of PV and estimated 
power generation of PV at a water station in Korea. 

 



Appendix B. An Example of the Optimal Energy 

Flows in a Building 

 
 
 
Figures B.1, B.2, and B.3 show the exemplary hourly electricity, heating, and 

cooling flows in a neighborhood building in Seongsan-Dong with integration of 

renewables. The optimal capacities of photovoltaic panel, ground-source heat pump, 

and battery are 10.7 kW, 7.7 kW, and 1.9 kWh, respectively.  

The electricity load is satisfied by power from the photovoltaic panel, power from 

the grid, and discharging power of the battery. At the hours of base load and mid-

load, the total electricity supply exceeds the electricity demand a bit. The surplus 

electricity is charged into the battery and discharged at the hours of peak load 

because of the difference of electricity rate. 

The heating load is satisfied by heating from the ground-source heat pump, 

heating from the electric heat pump, and heating from the gas boiler. The cooling 

load is satisfied by cooling from the ground-source heat pump and the electric heat 

pump. In the both cases, ground-source heat pump meets the base load with its 

rated output because the operation rate is the cheapest for the ground-source heat 

pump. 



Figure B. 1. Hourly electricity supply of each energy source and electricity 
load in a selected neighborhood building. 

 



Figure B. 2. Hourly heating supply of each energy source and heating load in a 
selected neighborhood building. 

 



Figure B. 3. Hourly cooling supply of each energy source and cooling load in a 
selected neighborhood building.  

 



Appendix C. Validity of the Multiple Linear 

Regression 

 
 
 
Three conditions must be met for the statistical validity of the regression model in 

Section 3.5.2. First, the regression should fit the data well. Second, the relevance of 

the predictor variables for the response should be statistically significant. Third, the 

predictor variables should not be strongly correlated themselves. The first condition 

(goodness of fit) can be evaluated with the adjusted coefficient of determination 

 (ranges from 0 to 1), which should be high. The calculated  is 0.7476, 

which is high enough considering that the purpose of the model is not a precise 

prediction of the relative portion of energy from ground-source heat pump and 

photovoltaic in a building [64]. The second condition (significant relevance) can be 

evaluated with the p-values from f-test on the regression model and t-test on each 

predictor variable. All the calculated p-values are much less than , indicating 

that all the predictor variables are relevant for the response. The third condition 

(nonexistence of multicollinearity) can be evaluated with the Variance Inflation 

Factor (VIF), which becomes about over 5 if there is a multicollinearity problem 

[53]. The calculated VIFs for the three predictor variables are 1.4327, 1.0506, and 

1.3787, respectively, which are all lower than 5. Therefore, the regression model is 

statistically valid. 

 

 

 



Appendix D. The Representative Buildings for the 

Consistency Check 

 
 
 
This section shows the representative shapes and gas-electricity usage ratios 

determined in the clustering of 2,779 neighborhood and office buildings in Mapo-

Gu for the consistency check in Section 4.4.  

Figures D.1 and D.2 show the two shapes of the monthly electricity usages in the 

representative neighborhood buildings and the two shapes of the monthly 

electricity usages in the office buildings, respectively. Figures D.3 and D.4 show 

the two shapes of the monthly gas usages in the representative neighborhood 

buildings and two shapes of the monthly gas usages in the office buildings, 

respectively. There is a bit of difference between the shapes of the representative 

neighborhood buildings and representative office buildings. 

Setting  as 5, The boundary values of gas-electricity usage ratio have been 

determined as 0.247, 0.695, 1.427, and 3.264. The representative values of gas-

electricity usage ratio have been determined as 0.092, 0.434, 0.994, 2.067, and 

7.038.  

 

 

 

 

 

 



Figure D. 1. Representative shapes of monthly electricity usages for the 
clusters of neighborhood buildings in Mapo-Gu. 

 

Figure D. 2. Representative shapes of monthly electricity usages for the 
clusters of office buildings in Mapo-Gu. 

 



Figure D. 3. Representative shapes of monthly gas usages for the clusters of 
neighborhood buildings in Mapo-Gu. 

 

Figure D. 4. Representative shapes of monthly gas usages for the clusters of 
office buildings in Mapo-Gu. 

 



Appendix E. Validation of the framework with other 

conditions  

 
 
 
Figures E.1 shows the comparison of the total capacities and energy supply of 

renewable energy sources for the test case in Section 4.4 (Mapo-Gu), with 

modified conditions− renewable energy requirement of 14% and no integration of 

ground-source heat pumps. The data show good agreement. 

 

 

Figure E. 1. Comparison of the renewable energy portfolio for the buildings in 
Mapo-Gu for the modified conditions. 
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