
 1 

  

EVALUATING URBAN SOLAR POWER POTENTIAL 

TO ADDRESS TRANSPORT AND RESIDENTIAL 

ENERGY DEMANDS OF QUEZON CITY, PHILIPPINES 
Mathew Harvey T. PERALTA1 and Yasunori MUROMACHI2 

 
1Doctoral Student, Dept. of Civil and Environmental Engineering, Tokyo Institute of Technology 

 (G3-5, 4259 Nagatsuta, Midori-ku, Yokohama 226-8501 Japan)  

Asst. Professor, Institute of Civil Engineering, University of the Philippines Diliman 

(Pardo de Tavera St., UP Diliman, Quezon City, 1101, Philippines) 

E-mail: peralta.m.aa@m.titech.ac.jp (Corresponding Author) 
2Member of JSCE, Professor, Dept. of Civil and Environmental Engineering, Tokyo Institute of Technology 

(G3-5, 4259 Nagatsuta, Midori-ku, Yokohama 226-8501 Japan) 

E-mail: muromachi.y.aa@m.titech.ac.jp  

 

 
The transport and residential sectors command the largest shares of the Philippine energy demand and 

are currently mostly served by non-renewable sources. To aid in achieving the country’s emission reduction 
targets, there is a need to assess its potential to serve these demands using renewable alternatives. This 
study aimed to evaluate the solar power potential of its most populous city, Quezon City, calculate the 
transport and residential energy demands of its residents, and compare the available supply and demand to 
obtain the necessary generation, charging, storage, and augmentation needs using cost optimization. The 
residential energy demand of the study area reached 3,691 GWh in 2022, while private car transport, if 
converted to an all-electric system, would have an energy demand of 946.7 GWh. The estimated annual 
total incident irradiation in the study area is 1.16 MWh/m2. The available roof area of 24.5 km2, estimated 
using the Segment Anything model and shape analysis, would translate to a theoretical maximum installed 
capacity of 4.39 GW. However, based on the cost optimization conducted, only a 1.90 GW solar PV in-
stalled capacity is needed, together with a 1.75 GWh storage capacity. This will result in an estimated 31% 
CO2 emission reduction per year. This can be increased with higher solar power generation, though at a 
higher overall cost. The results of the study can be used to make policy decisions on the use of residential 
solar panels, vehicle-to-house charging systems, EV adoption, and energy production. 
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1. INTRODUCTION AND OBJECTIVES 
 

Decarbonizing transport has been identified as one 

of the most important steps towards averting the cli-

mate crisis. One of the strategies involved is the elec-

trification of transport using renewable energy. The 

goal of this research is to contribute to achieving the 

GHG emission reduction targets of its study area, the 

Philippines, by focusing on the use of solar power for 

its transport and residential energy demands. It aims 

to show a method for identifying the necessary oper-

ation parameters for a solar power and vehicle-to-

home system to serve these transport and residential 

energy demands in an urban-scale analysis. 

 In 2020, solar power accounted for only 1.2% of 

the electricity generated and 0.2% of the total energy 

used in the Philippines. With transport and residential 

energy demands comprising 30.4% and 31.0%, re-

spectively, of the energy demands of the country, the 

conversion to solar power would greatly reduce its 

GHG emissionsNote 1). The hourly potential for solar 

power of the country has not yet been clearly studied, 

specifically in relation to urban environments where 

space is limited for solar power generation. Multiple 

studies have shown how to implement solar PV gen-

eration (and its related costs) in combination with en-

ergy storage systems in addressing residential energy 

demand1–4). However, for the case of transportation 

energy, studies on the integration of solar power are 

scarcer since most studies employ aggregated energy 

calculations5–7). The hourly demand would be needed 

to identify the times at which the vehicles are in use 

and those at which they are parked and available for 

charging. This would be essential to be able to com-

pare the total residential and transport demands with 

the available supply, which would then allow for the 

calculation of the augmentation and storage require-

ments Existing studies have tried assessing the use of 

solar power for the combined residential and 

transport energy demand, though only ranging from 

one household8–10) to 148 households/apartments11), 

but seldom in a city scale. 

This study focused on investigating the solar 
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power potential of an urban area, calculating the en-

ergy demands from the transport and residential sec-

tors, and comparing the available supply to the de-

mand to obtain the necessary generation and charging 

patterns and assess the need for storage and augmen-

tation using cost minimization. The rest of the paper 

is structured as follows: section 2 discusses studies 

on the application of V2H systems in serving energy 

demands of different cities, as well as its integration 

with renewable energy sources; section 3 describes 

the study area and related energy statistics; section 4 

outlines the methods used in the 4 main parts of the 

study: residential energy demand calculation, 

transport energy demand estimation, solar power 

modeling, and cost optimization for the supply-de-

mand operating parameters; section 5 discusses the 

pertinent results; and finally, section 6 lists the rele-

vant conclusions. 

 

2. VEHICLE-TO-HOME (V2H) SYSTEM 
 

Vehicle-to-home (V2H) and vehicle-to-building 

(V2B) technology, which allows two-way energy 

transfer between EVs and buildings/houses, is seen to 

lead to higher EV shares since it converts EVs into 

“rolling storage” for the grid providing both flexibil-

ity and mobility. Different studies have explored dif-

ferent aspects of the integration of V2H systems in 

serving energy demands such as charging patterns, 

travel schedules, EV mix, and seasonal differences. It 

has been shown in a study in Denmark  that the charg-

ing patterns in public stations are starkly different 

from that of households. Public station charging 

peaks around midday, presumably because of more 

outside activities around that time. Private, or resi-

dential charging, mostly starts around 5-6PM and in-

creases until midnight and decreases thereafter12). 

Another study on EV integration in Greece showed 

that about 75% of charging sessions are home 

charges, specifically regular night charges (53.3%) 

and residual charges (22.1%). Home charges usually 

start at night/late afternoon, whereas work and resid-

ual charges are done midday. Interestingly, fast 

charging is seen all throughout the day. The study 

also presented distribution differences between days 

of the week. The overall load for a weekend is lower 

than a typical weekday, and the charging pattern, es-

pecially for the start times of fast charging and resid-

ual charging are slightly different13).  

V2H has also been seen as beneficial in improving 

renewable energy (RE) integration since it provides 

the storage needed to alleviate the problems with lim-

ited generation time associated with REs such as so-

lar and wind power14,15) A system involving solar PV, 

EV, V2H, and stationary storage have been shown to 

be more economical in households wherein EVs are 

in use (for driving) longer, and hence are less availa-

ble for charging/discharging. This system also im-

proved the self-sufficiency and energy-saving rates 

of households16). V2H has also been shown to im-

prove the solar PV self-consumption rate by shifting 

the surplus energy from the peak generation times to 

the peak consumption times as well, and reduce the 

dependence on the grid, even during peak hours10).  

In terms of cost, it has been shown that if charg-

ing/discharging is controlled, EVs actually mostly 

charges during the daytime where there is solar PV 

generation, and discharges at night to serve the 

household demand17). This is in contrast with typical 

assumptions in most studies where EVs are usually 

charged at night. This is an interesting point that was 

also observed in the current study.  

As for the costs considered in implementing the 

system, the studies reviewed included the following 

variables: cost of acquiring electricity from the grid, 

installation and operating/maintenance costs of the 

solar PV, V2H, and storage systems, selling price of 

electricity to the grid, subsidies for solar PV gener-

ated electricity, and EV acquisition and operating 

costs. Aside from cost, other studies have optimized 

the solar PV-V2H-stationary storage systems using 

other objective variables such as power loss15) and 

CO2 emissions18). 

Currently, most studies on EV and V2H integra-

tion, and its effect on transportation and residential 

energy consumption are understandably focused on 

European cities with a fairly high EV penetration, 

whereas studies on Southeast Asian cities, let alone 

on Philippine cities, are limited. 

 

3. STUDY AREA 

 

 
Fig. 1 (L) the Philippines; (R) Quezon City 

The area considered in this research was Quezon 

City (QC), Philippines. It was the capital of the Phil-

ippines from 1949-1976 and is the largest city in the 
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National Capital Region (NCR), also known as Met-

ropolitan Manila. It has an official area of 16,112 hec-

tares, or about a quarter of the land area of NCR. As 

of 2018, residential areas, including socialized hous-

ing and informal settlement, comprise about 32% of 

the city, or about 5,100 hectares. It also includes a 

significant amount of institutional areas since it pre-

viously served as the nation’s capitalNote 2). Based on 

the 2020 census, the city has a population of 2.96 mil-

lion, or about 22% of the population of NCR and 

2.7% of the whole countryNote 3). 

Private cars dominate daily traffic in the city with 

about 38% of the average daily passenger volume. 

Public transport modes consisting of jeepneys, buses, 

taxis, UV, and tricycles comprise about 55%, and pri-

vate motorcycles serve the remaining 7%Note 2). In 

terms of transport energy, there is no specific data for 

the city only. However, country estimates shows that  

fossil fuels (gasoline and diesel) serve 95% of the de-

mand, while less than 0.1% uses electricityNote 1).  

As for the electricity in QC, it is connected to the 

Luzon Grid that had a total installed capacity of 19.7 

GW and a total generated power of 79,820.5 GWh in 

2022. This grid power generation is actually more de-

pendent on fossil fuels (coal, oil, and natural gas) at 

85% compared to the global total at 63%. The solar 

power generation share is also less than the installed 

capacity share, presumably because of the limited 

time that solar power plants can operate compared to 

fossil fuel-based ones which can operate at any given 

time in most weather conditions. Among the total en-

ergy consumed of 80,868.3 GWh in the grid, the res-

idential sector consumes the most at 32%, followed 

by the commercial (26%) and industrial (24%) sec-

tors. With the high dependency of the power genera-

tion on coal, of which 60% is imported, the residen-

tial energy supply would greatly benefit from a clean 

and indigenous source like solar power. 

In terms of CO2 emissions, Filipinos emitted 1.2 

metric tons per capita in 2020. This is significantly 

lower than the world average of 4.3 and those from 

its southeast Asian neighbors in Indonesia (2.1), 

Thailand (3.7), and Malaysia (7.4) Note 4). However, 

from energy use alone, it is estimated that Filipinos 

emit 1.09 tCO2e per capitaNote 1), which is 90% al-

ready of the total per capita emissions. Hence, they 

would benefit greatly from the reduction in emissions 

resulting from the conversion to solar power. 

 

 

 

4. METHODOLOGY 
 

(1) Residential Energy Demand 
The residential energy demand data were from the 

Department of Energy (DOE) and National Grid Cor-

poration of the Philippines (NGCP) statistics. These 

included the monthly electricity consumption per re-

gion and hourly demand per gridNote 5), and monthly 

electricity consumption per grid by sectorNote 6) for the 

year 2022. 

What is needed is the hourly residential energy de-

mand of QC residents. However, the only available 

hourly data is on a grid level (QC belongs to NCR 

which is connected to the Luzon Grid). The percent-

age of residential energy demand for the Luzon Grid 

is available on a monthly rate only, hence the 

monthly percentage was assumed to apply. Similarly, 

the percentage of energy consumed by NCR residents 

for the Luzon Grid is also available. Lastly, to get the 

QC residential energy demand, specifically, the ratio 

of the population of QC to that of NCR (21.95%) was 

used. An argument could be made that the ratio of the 

number of households be used instead of the popula-

tion. However, the statistics from the 2020 census 

showed that households in QC made up 21.11% of 

the total households in NCR, hence the difference 

would have been negligible. 

 

(2) Transport Energy Demand 
The traffic data was mostly sourced from the 

MMUTIS Update and Enhancement Project 

(MUCEP) database. This database is based on the re-

sults of vehicle counts and household information 

surveys done in Metro Manila and adjacent areas 

from 2013-201419). The main data used from this pro-

ject were the household trip results detailing typical 

weekday trip history of each household member in-

terviewed. The details include the departure and arri-

val times, origin-destination, and mode used. Hence, 

the car trips used by residents of Quezon City could 

be isolated. To be able to project to the current de-

mand, the number of cars registered from the Land 

Transportation Office (LTO) was used. The data 

showed that the total number of private cars in NCR 

grew by 9% from 2020 to 2021. Hence, for 2022, a 

total number of cars in NCR is estimated to be 

850,000, or 187,000 in Quezon City. For the variation 

between typical weekdays and weekends, ratios from 

traffic counts of the Department of Public Works and 

Highways (DPWH) were used. These allowed the es-

timation of trips and corresponding transport energy 

demand to be varied between weekdays and week-

ends/holidays since the MUCEP database only cap-

tured typical weekday trips. 

 

Only trips from QC residents were considered. 

For trips that involved multiple modes (e.g., drive to 

train station, park, then take train to work), only the 

leg using the car was considered. The total vehicle-

kilometers traveled per hour of all car trips surveyed 
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were tabulated and projected to 2022 values by mul-

tiplying the ratio of currently registered vehicles in 

QC to the number of cars surveyed.  

For the energy demand in terms of tonnes of oil 

equivalent (toe), a fuel efficiency value of 5.59 

km/L20) was used. The values in liters were then con-

verted to thousand barrels of oil (1 thousand barrel of 

oil = 158987 L). The calorific value used to convert 

from thousand barrels of oil to toe was 1223 toe/thou-

sand barrel of oilNote 1).  

The energy demand when converted to EVs 

would be in kWh. Hence the hourly VKTs were con-

verted using the consumption rate of the EV selected. 

The EV used in this study has an equivalent con-

sumption rate of 6.9 kWh/km.  

 

(3) Solar Power Modeling 
The irradiance modeling performed follows the 

steps discussed in 21,22) with the following major 

steps: solar positioning, global irradiance decompo-

sition, and plane of array irradiance calculation. 

The main input data were the meteorological data, 

current solar panel specifications, and Google Earth 

Satellite images (GSI) of the study area. Meteorolog-

ical data including temperature and solar radiation 

were obtained from the Philippine Atmospheric, Ge-

ophysical and Astronomical Services Administration 

(PAG-ASA) for 2022. Based on a Voronoi analysis 

of the location of existing weather stations, station 98, 

or the Science Garden automatic weather station (lat-

itude 14.664778; longitude 121.001807) was deter-

mined to cover the study area. Since the available 

data varied from 10min to 1 hr values, they were av-

eraged per hour for the study period. The solar panel 

specifications used are shown in Table 1.  

 
Table 1 Solar Panel Specifications 

Solar Panel Parameter Value 

Rated Maximum Power [W] 400 

Temperature Coefficient [%/ºC] -0.35 

Area [m2] 2.015X0.996m = 2.00694 

Module efficiency [%] 19.9 

Tilt [º] 30 

Azimuth [º] 0 

 

For the rooftop images, though orthophotos were 

obtained from the National Mapping and Resource 

Information Authority (NAMRIA) of the Philippines, 

the quality was deemed not usable for the purposes 

of this study due to the zoom level at which they were 

taken, making the boundaries between buildings un-

clear. Hence, this study used openly available Google 

Earth Satellite images (GSI) for the study area. 

The actual modeling was implemented through 

MATLAB. After the solar positioning calculations 

based on the latitude and longitude of the weather sta-

tion, the components of solar radiation on a horizontal 

surface, Global Horizontal Irradiance, GHI,, were cal-

culated. These components are the Direct Normal Irra-

diance, DNI, and Diffuse Horizontal Irradiance, DHI. 

The relationship between these components, based on 

the zenith angle, z,  is given by: 

 

𝑮𝑯𝑰 = 𝑫𝑵𝑰 cos 𝒛 + 𝑫𝑵𝑰  

 

 
Fig. 2 GHI Components 

 

Given that GHI is measured on site, the clearness 

index, kt, defined as the portion of the extraterrestrial 

radiance received on a horizontal surface on Earth, 

IES, was calculated as 

 

𝒌𝒕 =
𝑮𝑯𝑰

𝑰𝑬𝑺
 

 
When GHI is measured on-site, it is only impera-

tive to calculate one of the components inde-

pendently since the other can readily be obtained 

based on Eq (1). The ratio, kd, of the diffuse compo-

nent, DHI, to the GHI used on this study followed the 

Erbs model23), since hourly data was similarly uti-

lized in this model instead of the commonly used 

monthly averages in other studies.  

 

𝒌𝒅 =
𝑫𝑯𝑰

𝑮𝑯𝑰
 

 

Once these components were determined, the ir-

radiance on a tilted surface (e.g., solar panel) were 

obtained. There are three components: the Beam/Di-

rect Irradiance, Ib, the Diffuse Irradiance, Id, and the 

Reflected Irradiance, Ir. The beam component, Ib, was 

directly obtained from the geometric conditions 

based on the position of the sun at any time (inci-

dence angle, i). The reflected component, Ir, is based 

on the panel tilt, β, and  albedo, or the reflectance of 

(1) 

(2) 

(3) 
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the surface. For ordinary ground or grass, the albedo 

is taken to be 0.2 21). Lastly, the diffuse component, Id, 

was calculated based on the factor, fd,  calculated 

from the Perez anisotropic model24). 

 

𝑰𝒃 = 𝑫𝑵𝑰 𝐜𝐨𝐬 𝒊 

 

𝑰𝒓 = 𝑮𝑯𝑰
𝟎. 𝟐(𝟏 − 𝐜𝐨𝐬 𝜷)

𝟐
 

 

𝑰𝒅 = 𝑫𝑯𝑰(𝒇𝒅) 

 

𝑰𝑻 [
𝑾𝒉

𝒎𝟐 ] = 𝑰𝒃 + 𝑰𝒓 + 𝑰𝒅 

 

The total incident irradiance on a tilted surface 

was obtained using Eq (7). This was then converted 

into actual solar power based on the solar panel spec-

ifications and the available area for generation (in-

stalled capacity). Adjustment factors for temperature 

effects (0.95) and shading and dust (0.80). 

A combination of the Segment Anything Model 

(SAM)25) and shape analysis was used to estimate the 

total available roof area for solar power generation in 

the study area. Specifically, this study utilized the 

segment-geospatial (samgeo) package which allows 

the use of SAM for geospatial data analysis with min-

imal coding26). It was implemented through Google 

Colab, looping through GSIs until the whole study 

area was covered. A sample result of the generated 

masks from a satellite image is shown below. 

 

 
Fig. 3 Sample Image Segmentation Results: 

(L) Google Earth Satellite Image;  

(R) Masks Generated with SAM/samgeo 

 

The next phase was the use of shape indices to re-

move (most of) the non-building features. The first 

step was to apply the “Simplify” tool to the features 

since they were converted from a raster to a vector 

causing them to have saw-like edges representing 

pixels. The tool would smoothen out the edges of the 

features. Then, filtering using shape indices was 

done. Features with areas larger than 3000 m2 were 

removed since buildings rarely have an area of this 

size and these features usually represent background 

(open lots, water features, etc.). Those with areas 

smaller than 25 m2 were also removed not only be-

cause cars and small trees usually fall under this cat-

egory, but also because roofs of this size would be 

too small for solar power applications. Aside from 

the shape area, three main indices were used in this 

study: circularity, circularity of the convex hull, and 

the effective rectangularity index27). Initially, circu-

larity is used to remove most trees since they tend to 

be more circular than buildings. However, it was ob-

served that some trees (or adjacent trees) form a more 

oblong or even U-shaped clusters, hence it was de-

cided to use the convex hull of the shapes which rep-

resents the minimum convex polygon that encloses 

all the points in the shape.  A sample is shown in Fig-

ure 4 where the feature shown is for a group of trees 

segmented into one feature. To illustrate, the circu-

larity of the segmented feature shown is 0.293, while 

the circularity of its convex hull (CCH) is 0.803. In 

comparison, a square feature would have a circularity 

of 0.785 while rectangles would have an even smaller 

value. Hence a threshold of 0.8 was used for the cir-

cularity of the convex hull. The problem with the use 

of this index alone would be U-shaped and L-shaped 

structures would also have a high value since their 

corresponding convex hulls would be more rounded. 

Hence, the effective rectangular index (ERI) was also 

employed in identifying tree-like features. This index 

aims to improve the problem with the more com-

monly used “rectangularity index” which is too sen-

sitive to overhangs / protrusions in mostly rectangu-

lar shapes. ERI is the ratio of the perimeters of the 

equal-area rectangle of a shape to that of the shape 

itself27. It has a value of 1 for perfect rectangles and 

1.128 for circles. Generally, rounded shapes have an 

ERI greater than 1. For the cases of U-shaped and L-

shaped structures, ERI was found to be lower than 

0.8. Hence, to remove most tree-like features, those 

with both CCH and ERI >0.8 were filtered out. 

 
Fig. 4 Sample Shape Index Illustration 

CCH was also used to remove long and thin fea-

tures such as roads and river sections since these 

shapes were found to have circularities less than 0.2. 

Lastly, complex shapes with a significant number of 

edges and/or vertices needed to be removed since 

(4) 

(5) 

(6) 

(7) 
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they represent objects like the outline of closely 

spaced row houses and open fields with multiple 

holes. Features like these were found to have ERI val-

ues less than 0.3. To summarize, the criteria used to 

filter out the features are shown in Table 2. 

After application of these indices, manual clean-

ing was also implemented to remove remaining obvi-

ous non-buildings such as trees, roads, and river sec-

tions to improve the accuracy of the estimate. The to-

tal areas of the remaining features were then summed 

up and used in the calculation of the maximum solar 

power generation capacity. 

 
Table 2 Shape Analysis Criteria for Removing Features 

Criteria Target Features 

Area > 3000 m2 Background and open lots 

Area < 25 m2 Cars and small trees 

CCH > 0.8 and ERI >0.8 Round objects like trees 

CCH < 0.2 
Long thin objects like roads and 

building gaps 

ERI < 0.3 
Outline of closely spaced build-

ings 

 

(4) Cost Minimization 
In order to actually determine the hourly transport 

energy demand, the amount of energy demand from 

charging the vehicles per hour must be obtained. This 

is usually dependent on the user preference and avail-

ability. Previous studies have used a probability dis-

tribution obtained from surveying current users. 

However, since EV usage in the Philippines is not yet 

prevalent, this approach is not feasible. Another 

method used is charging control based on cost mini-

mization18,28). Basically, the assumption is that pro-

vided that the residential energy demand and the 

transport demand for the next trip is met per hour, and 

the totals per day and per year, the time at which 

charging (and possibly discharging), and its duration 

can be controlled to come up with the lowest cost. 

Hence, in this study, cost optimization (minimiza-

tion) was conducted to determine the appropriate 

charging and discharging times of the EVs and the 

stationary storage (referred to as BAT from here),. 

For simplification, each EV’s condition was checked 

per hour (in use or parked) and it was assumed that if 

parked, then it was available for charging regardless 

whether it was at home or at a different location. The 

stationary storage was also assumed to be one giant 

storage capable of charging/discharging to any 

household in the study area. It was also assumed that 

both the buying and selling prices of electricity from 

and to the grid are constant. The cost of buying all the 

EVs was not considered since it was assumed that 

conversion to EV will happen regardless of the im-

plementation of the solar PV – V2H system. 

The input parameters are summarized in Table 3. 

The independent variables considered in the optimi-

zation were the required solar PV capacity, capPV, 

amount of electricity bought per hour, pwbuy,t, EV 

charge/discharge per hour, load,EV,t, and stationary 

storage charge/discharge per hour, loadBAT,t. The re-

quired storage capacity, capBAT, was also varied, 

but discretely, per run to determine the setting lead-

ing to the least cost.  

 
Table 3 Optimization Parameters Considered 

Parameter Unit Symbol Value* 

Electricity Pricing 

 Buying price 
PhP/ 
kWh 

prbuy 
10.4  
(0.19) 

 Selling price 
PhP/ 
kWh 

prsell 
3.6 
(0.065) 

PV Cost Parameters 

 Installation cost  PhP/kW icPV 
100,000  
(1,818.2) 

 Operating cost  
PhP/ 
kW/yr 

ocPV 
1,250  
(22.7) 

BAT Parameters 

 Installation cost  
PhP/ 
kWh 

icBAT 
19,910  
(362.0) 

 Operating cost  
PhP/ 
kWh/yr 

ocBAT 
0.0165 
(0.0003) 

PV Operating Parameters 

 
Maximum PV in-
stalled capacity 

kW capPVmax ** 

EV Operating Parameters 

 Total EV capacity  kW capEV 7,480,000 

 Charging rate kW EVch 3 

 Discharging rate kW EVdis -6 

 Initial charge % - 90 

 EV fuel economy km/kWh - 6 

 
Charging/dis-
charging effi-
ciency 

- effEV 0.8 

BAT Operating Parameters 

 Storage Capacity kWh capBAT *** 

 Charging rate kW BATch 0.5 

 Discharging rate kW BATdis -0.5 

 Initial charge % - 50 

 
Charging/dis-
charging effi-
ciency 

- effBAT 0.8 

*values in ( ) are in USD when applicable @ 1USD = 55 PHP 

**dependent on total available roof area 

*** values set discretely to keep objective function linear 

The main objective function considered (similar 

to 18) was: 
 

(8) 
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min 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡  = 𝐼𝐶 + ∑
𝑂𝐶 + 𝐶𝑏𝑢𝑦 − 𝐼𝑠𝑒𝑙𝑙

(1 + 𝑟)𝑦−1

25

𝑦=1
 

 

where  

𝐼𝐶 = initial cost =  𝑖𝑐𝑃𝑉 × 𝑐𝑎𝑝𝑃𝑉 + 𝑖𝑐𝐵𝐴𝑇 × 𝑐𝑎𝑝𝐵𝐴𝑇 

 𝑂𝐶 = operating cost =  𝑜𝑐𝑃𝑉 × 𝑐𝑎𝑝𝑃𝑉 + 𝑜𝑐𝐵𝐴𝑇 × 𝑐𝑎𝑝𝐵𝐴𝑇 

 𝐶𝑏𝑢𝑦 = cost of bought electricity =  𝑝𝑟𝑏𝑢𝑦 ∑ 𝑝𝑤𝑏𝑢𝑦𝑡
365∗24
𝑡=1  

 𝐼𝑠𝑒𝑙𝑙 = income from selling electricity 

= 𝑝𝑟𝑠𝑒𝑙𝑙 ∑ (𝐸𝑡𝑐𝑎𝑝𝑃𝑉 + 𝑝𝑤𝑏𝑢𝑦𝑡 − 𝑙𝑜𝑎𝑑𝐸𝑉𝑡 −365∗24
𝑡=1

𝑙𝑜𝑎𝑑𝐵𝐴𝑇𝑡 − 𝐷𝑡)  

𝑟 = social rate of return = 10%Note 7) 

𝑦 = considered life span of system=25 years  

𝐸𝑡 = incident irradiance at hour t per kW installed 

𝐷𝑡 = residential energy demand at hour 𝑡  

 

It was subjected to the following constraints: 

 

▪ Limits on installed solar power capacity: 

 
0 ≤ 𝒄𝒂𝒑𝑷𝑽 ≤ 𝑐𝑎𝑝𝑃𝑉_𝑚𝑎𝑥 

 

▪ Limits to EV charging and discharging: 

 

∑(𝐸𝑉𝑑𝑖𝑠 × 𝑐𝑜𝑛𝑑𝑖,𝑡)

𝑁𝐸𝑉

𝑖=1

 ≤  𝒍𝒐𝒂𝒅𝑬𝑽,𝒕 

 ≤ ∑(𝐸𝑉𝑐ℎ × 𝑐𝑜𝑛𝑑𝑖,𝑡)

𝑁𝐸𝑉

𝑖=1
 

 

where  𝑐𝑜𝑛𝑑𝑖,𝑡 = 𝑂 𝑖𝑓 𝑖𝑛 𝑢𝑠𝑒; 1 𝑖𝑓 𝑝𝑎𝑟𝑘𝑒𝑑 

   𝑁𝐸𝑉 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑉𝑠 

 

▪ Limits to BAT charging and discharging: 

 
𝐵𝐴𝑇𝑑𝑖𝑠𝑐𝑎𝑝𝐵𝐴𝑇 ≤  𝒍𝒐𝒂𝒅𝑩𝑨𝑻,𝒕  

≤ 𝐵𝐴𝑇𝑐ℎ𝑐𝑎𝑝𝐵𝐴𝑇  
 
▪ Minimum total EV charge up to hour t: 

 

( ∑ ∑ 𝑐𝑜𝑛𝑠𝑡𝑖,𝑘

𝑡

𝑘=1

𝑁𝐸𝑉

𝑖=1

) − 0.9𝑐𝑎𝑝𝐸𝑉 
 

≤  ∑ 𝑙𝑜𝑎𝑑𝐸𝑉,𝑘 × 𝑒𝑓𝑓𝐸𝑉

𝑡

𝑘=1

  

 

where 𝑐𝑜𝑛𝑠𝑡𝑖,𝑘 = energy consumed by EV 𝑖 at hour 𝑘 

 

▪ Maximum total EV charge up to hour t: 

 ∑ 𝑙𝑜𝑎𝑑𝐸𝑉,𝑘 × 𝑒𝑓𝑓𝐸𝑉

𝑡

𝑘=1

 
 

≤ ( ∑ ∑ 𝑐𝑜𝑛𝑠𝑡𝑖,𝑘

𝑡

𝑘=1

𝑁𝐸𝑉

𝑖=1

) + (1 − 0.9)𝑐𝑎𝑝𝐸𝑉
 

▪ Limits to total BAT charge up to hour t: 

 

−0.5𝑐𝑎𝑝𝐵𝐴𝑇 ≤ ∑ 𝑙𝑜𝑎𝑑𝐵𝐴𝑇,𝑘 × 𝑒𝑓𝑓𝐵𝐴𝑇

𝑡

𝑘=1
 

≤ 0.5𝑐𝑎𝑝𝐵𝐴𝑇  

 

▪ End of year return to initial EV charge: 

 

∑ 𝒍𝒐𝒂𝒅𝑬𝑽,𝒕 × 𝑒𝑓𝑓𝐸𝑉

365∗24

𝑡=1

= ∑ ∑ 𝑐𝑜𝑛𝑠𝑡𝑖,𝑡

365∗24

𝑡=1

𝑁𝐸𝑉

𝑖=1
 

 

▪ End of year return to initial BAT charge: 

 

∑ 𝒍𝒐𝒂𝒅𝑩𝑨𝑻,𝒕 × 𝑒𝑓𝑓𝐵𝐴𝑇

365∗24

𝑡=1

= 0
 

 

▪ Supply-demand balance: 

 
𝐸𝑡𝒄𝒂𝒑𝑷𝑽 + 𝒑𝒘𝒃𝒖𝒚,𝒕 

−(𝒍𝒐𝒂𝒅𝑬𝑽,𝒕 + 𝒍𝒐𝒂𝒅𝑩𝑨𝑻,𝒕 + 𝐷𝑡) ≥ 0 

 

Since the purpose of the study was to maximize 

the use of solar power in addressing the transport and 

energy demands, the amount of electricity that could 

be bought from the grid was limited to the current 

residential demand per hour.  

As mentioned earlier, capBAT was varied dis-

cretely instead of included in the variables to be ad-

justed in optimization. The capBAT value with the 

lowest corresponding total cost was considered the 

optimal setting. The optimization was done through 

the linprog module of MATLAB.  

 

5. RESULTS AND DISCUSSION 
 

(1)  Residential Energy Demand Profile 
Based on the estimates for Quezon City, the 2022 

total residential energy demand reached 3,691 GWh. 

This means that for the estimated 2022 population of 

the city of 3.121 million, the per capita residential 

electricity demand is 1.2 MWh/person per year. This 

is 33% higher than the country average of about 0.9 

MWh/person.  
The average hourly demand per season is shown 

in Figure 5 while that comparing weekend and week-

day averages is shown in Figure 6. Demand is lowest 

ataround 3-6AM and highest at around 11AM-2PM. 

This is mostly due to difference in cooling require-

ments in households. The annual hourly average 

ranges from 350-480 MWh. The weekday demand is 

also consistently higher than in the weekends, though 

the demands from midnight to 4AM are similar. The 

average hourly weekday demand peaks at 496 MWh 

while the weekend demand peaks at 424 MWh, both 

happening from 12NN-1PM. Though averages are 

shown here for discussion purposes, the actual hourly 

 

 

 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 
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measurements were used in the optimization. 

 

 
Fig. 5 Ave Hourly Res. Demand: Seasonal Variation 

 

 
Fig. 6 Ave Hourly Res. Demand: Weekday vs Weekend 

 

(2)  Transport Energy Demand Profile 
As mentioned before, the total number pf private 

cars registered in QC in 2022 is about 187,000. Based 

on the results of the MUCEP household survey, the 

number of private cars in use for QC residents peaks 

to about 88,000, or 47% of the total, at around 6-8AM 

presumably for travel to work and schools. This vol-

ume stabilizes at around 20,000-40,000 cars during 

midday before increasing again to about 50,000 at 

around 5-7PM. For the typical weekend volume, the 

ratios of average hourly weekday to weekend traffic 

from DPWH traffic counts were used. Based on this 

estimate, the period of the morning and afternoon 

peaks are similar to that of the weekday, though the 

volumes are different. The morning peak is lower 

than that during weekdays (only 31% of the total, 

compared to 47% during weekdays), indicative of 

more people tending to wake up later during week-

ends. On the other hand, the afternoon peak is higher 

by about 20% signifying more activities (and conse-

quently, more trips) done at later hours of the day. 

 

(3)  Solar Power Generation 
Based on the GHI measurements from the weather 

stations, the total irradiance per hour were calculated 

using the method discussed earlier. The hours in be-

tween sunrise and sunset (solar hours) in the Philip-

pines do not vary significantly throughout the year, 

hence irradiance is only observed from 6AM-7PM. 

Peak irradiance happens around 11AM-1PM, ranging 

from 400-500 Wh/m2. The average daily total differs 

from the estimates of the Global Solar AtlasNote 8) us-

ing the same panel tilt and azimuth by 0.4% (January) 

to 24% (August). Variation is expected since the So-

lar Atlas uses long-term yearly averages while the 

calculation made in this study is for 2022 only. The 

total annual irradiance calculated is 1.16 MWh/m2. 

 

 
Fig. 7 Ave Hourly Total Irradiance: Seasonal Variation 

 

In terms of seasonal variation, the traditionally 

sunny periods from March to July in the Philippines 

have slightly higher average hourly irradiances, 

though their monthly totals are significantly higher, 

especially March and May. Interestingly, rainy peri-

ods from August to November have higher average 

hourly values compared to dry months from Decem-

ber to February. This signifies that even though this 

period experiences more rainy days, the latter period 

experiences more cloudy days. 

 After subjecting the total area of the study area 

(161 km2), a total of about 280,000 features were left. 

This does not correspond to the actual number of 

buildings in the study area since some roofs were seg-

mented into different features due to boundaries be-

tween some roof sections. Figure 8 shows a sample 

of the resulting features after the segmentation and 

shape analysis conducted. Though the method visu-

ally worked well for low to medium density struc-

tures since the effect of height does not affect the 

footprint significantly, it had trouble with high-rise 

structures such as condominiums. This was also ob-

served in 29 since they also used Google Satellite im-

ages which were not orthorectified. Hence, for these 

areas, manual cleaning was needed to remove walls 

and windows since their shapes are mostly rectangu-

lar, closely resembling roofs, and hence were not fil-

tered out by the shape indices used. 
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Fig. 8 Sample Result of Segmentation and Shape Analysis: 

(L) Satellite Image; (C) After Segmentation;  

(R) After Shape Analysis and Cleaning 

 

The method consistently underestimated the total 

area available in the sections used for validation. This 

is mostly because of irregularly shaped roof areas. As 

mentioned before, the shape analysis aims to deter-

mine mostly rectangular and triangular features, 

which is true for most structures. However, because 

of shading from trees, visible portions of some roofs 

become more rounded, and hence are more likely to 

be filtered out by the indices used. This is an inevita-

ble limitation of the indices and images used. Me-

dium/high-rise structures were labeled as false nega-

tives (in comparing actual to segmented features) 

since the resulting shapes of the roofs of these struc-

tures are mostly irregular due to the presence of com-

peting uses placed on these structures such as vents 

and tanks. This is another area where the method ap-

pears to be limited as shown in lower Recall values. 

That said, the Precision of the method is consistently 

high (73-88%), signifying that when the model iden-

tifies a feature as a building roof, the probability that 

it is indeed a building roof is high. It shows that the 

method works for clearly delineated features without 

much obstruction from trees and shadows from taller 

structures. The underestimation of actual available 

roof areas for solar power generation provides a con-

servative estimate than the actual total area available. 

The total available roof area estimated through the 

segmentation and shape analysis conducted is 24.5 

km2 in the whole city. As mentioned earlier, the an-

nual total residential energy demand in QC is 3,691 

GWh, while the annual transport energy demand is 

946.7 GWh, for a total demand of 4,637.7 GWh. The 

total annual irradiance calculated was 1.16 MWh/m2. 

Using an 80% reduction factor to account for shading 

and other environmental factors, and a 95% factor for 

ambient temperature effects, for the solar panel spec-

ifications used, the demand would require about 26.3 

km2 of solar power generating area. These parameters 

would translate to 4.39 GW of maximum installed ca-

pacity, capPVmax. Hence, theoretically, the available 

area can almost cover the entire demand. However, 

due to the time dependence of solar power genera-

tion, residential demand, and vehicle availability for 

charging, it is important to assess the temporal com-

ponent to check the viability of the system. The roof 

area estimated would only serve as an upper limit to 

the solar power that can be generated. 

 

(4)  Cost Minimization 
The independent variables considered were the re-

quired solar PV capacity, amount of electricity 

bought per hour, EV charge/discharge per hour, and 

storage charge/discharge per hour. The required stor-

age capacity was also varied, but discretely, per run 

to determine the setting leading to the least cost. 

 

 
Fig. 9  Cost Minimization Results for Varying Stationary 

Storage Capacities 

 

Figure 9 shows the variation of the required PV 

capacity and resulting cost at different storage capac-

ity levels. The PV capacity needed decreased as the 

storage capacity increased. Low storage capacity re-

sults in more buying from the grid and a higher solar 

PV capacity requirement since there are no other 

sources to serve the demand, especially during peaks. 

High levels of storage reduce the need for solar PV 

generation since there is a higher volume available at 

most times. The lowest cost of about PhP 0.55 trillion 

(USD 10 billion) is attained at 1.75 GWh storage ca-

pacity with a 1.90 GW solar PV capacity. 

 

 
Fig. 10 Ave Hourly Energy Production 
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Fig. 11 Ave Hourly Energy Demand 

 

 
Fig. 12 Average Hourly Energy Supply and Demand 

 

Figures 10-12 show the resulting supply and de-

mand pattern from the least cost operating parame-

ters. During non-solar hours, energy demand is 

served from energy bought from the grid and station-

ary storage. EVs and the storage are charged mostly 

during midday when solar power generation is abun-

dant. EV discharge is rarely used to serve the residen-

tial demand. This is presumably because the solar 

power generated only exceeds the residential demand 

during 11AM-2PM, hence not much surplus is ob-

tained. Since that surplus is not very high, there is less 

energy to distribute during the non-solar hours. There 

is also a distinct discharging period from the EVs at 

around 4-6PM because the residential demand, Dt, is 

still high but there is low solar power generation. 

Minimal selling is observed since the price is low. 

Hence, demand is the biggest factor in determining 

the required solar PV capacity, instead of income 

from selling surplus energy. Theoretically, the 

amount of selling could be increased if the solar 

power capacity is increased given that there is more 

available based on the roof area. However, this would 

increase the installation and operating costs of PV. 

 

(5)  CO2 Emission Reduction 
To understand the impact of the shift in terms of 

CO2 reduction, the annual emission levels for two 

scenarios were considered: (1) Business as usual 

(BAU); and (2) With solar PV-V2H-BAT system. 

For the energy bought from the grid, the carbon in-

tensity of the current Philippine energy mix was ob-

tained from Ember’s yearly electricity dataNote 9). For 

2022, the Philippine energy mix was estimated to 

emit 582 gCO2e/kWh. As for the current transport 

energy demand, gasoline-fuel vehicles have an emis-

sion factor of 506 gCO2e/km while diesel-fuel ones 

emit 319 gCO2e/km5. Lastly, it has been estimated 

that life-cycle emissions for energy generated using 

solar power to be less than 50 gCO2e/kWhNote 10). 

Hence, based on the data above, the use of the solar 

PV-V2H-BAT system with the least cost (storage ca-

pacity of 1.75 GWh) would reduce the CO2 emissions 

of the study area from 2.84 to 1.95 MtCO2e per year, 

or a 31% reduction. Though this figure is an already 

significant reduction, this can be increased by using 

a higher solar power installed capacity. This will in-

evitably lead to higher costs, especially considering 

the relatively low selling price of electricity to the 

grid compared to the buying price. This shows the 

need to identify the priority in terms of optimization 

due to the competing interests of cost minimization 

and CO2 emission reduction. That said, as the price 

of electricity from the gird increases and the installa-

tion and operating costs of solar power systems de-

creases, the benefits of the system proposed is seen to 

increase in the long run. 

 
Table 4 CO2 Emission per Scenario 

Energy  

Demand/ 

Supply 

Activity per 

Scenario 

CO2 

Emis-

sion 

Rate 

Emission per 

Scenario  

(MtCO2e = 

1012 gCO2e) 

BAU 

PV-

V2H-

BAT  

(106) 

gCO2e/

unit 

BAU 

PV-

V2H-

BAT 

Energy 

from grid 

(GWh) 

3,691 3,203 582  2.15 1.86 

Vehicle-

km using 

gasoline 

(106 km) 

1,135 0 506 0.57 - 

Vehicle-

km using 

diesel  

(106 km) 

360 0 319 0.11 - 

Energy 

from solar 

PV 

(GWh) 

0 1,671 50 - 0.08 

Total 2.84 1.95 
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6. CONCLUSIONS AND FUTURE 

STUDIES 
 

The main goal of this research was to contribute 

to the reduction of GHG emissions by focusing on the 

use of solar power for addressing transport and resi-

dential energy demands. This is important in the con-

text of the study area wherein current residential and 

transport energy demands are served predominantly 

through imported, high emission fossil fuel-based 

sources. The annual residential energy demand 

reached 3,691 GWh as of 2022, or 1.2 MWh per per-

son per year. As for the transport energy demand, 

based on the results of the MUCEP study in 2014, the 

hourly demand was estimated based on typical week-

day travel. The peak usage of private cars happens at 

around 6-8AM to 47% of the total cars registered. 

This volume stabilizes at around 20,000-40,000 cars 

during midday before increasing again to about 

50,000 at around 5-7PM. This translates to an annual 

demand of about 350 ktoe. For the case of implemen-

tation of the solar PV-V2H-BAT system wherein all 

the vehicles are converted to EVs, this would trans-

late to an additional electricity demand of 946.7 GWh 

for the year. Hence, with this level of demand, a shift 

would greatly benefit the study area. This is also sup-

ported by the solar power potential of the study area. 

The results showed that the total annual irradiance is 

1.16 MWh/m2 in the study area. Hence based on the 

solar panel specifications discussed, the total demand 

could be served by solar power alone with about 26.3 

km2 of solar power generating area. An estimated 

24.5 km2 of roof area is available for solar power gen-

eration. However, due to the temporal variability of 

both the supply and demand sides considered, espe-

cially in the case of solar power and transport energy 

demand, as well as consideration of cost, optimiza-

tion was done to determine the required solar power 

generation installed capacity, storage capacity, and 

augmentation from the grid. The results showed that 

a stationary storage capacity of 1.75 GWh would lead 

to the least cost for the system inputs considered. This 

requires a solar power generation installed capacity 

of 1.90 GW, or only 43% of the maximum available 

value. Lastly, a 31% reduction in CO2 emissions is 

estimated if the proposed system is implemented. 

For future studies, the transport energy demand 

estimate could be improved by using actual trip dia-

ries or machine learning methods. Studies on this var-

iation would also improve the estimate of available 

cars for charging/discharging. Varying levels of EV 

integration would also improve the quality of the re-

sults since the sensitivity to this would be revealed. 

As for the solar power generation, models devel-

oped from remotely sensed data relating to other me-

teorological parameters such as cloud cover, air qual-

ity, and suspended particles, as well as time history 

data could also be looked into. Different roof estima-

tion methods could also be compared, especially 3D 

city models and machine learning applications that 

would allow the identification of actual roof slopes 

and azimuths. Competing usages such as vents and 

tanks could also be surveyed to further improve the 

estimate.  

Lastly, different scenarios and settings could be 

investigated in the cost optimization. For example, 

the case where the amount of electricity augmented 

from the grid is limited to the deficit from the maxi-

mum solar power generating capacity can be consid-

ered as the minimum augmented amount needed. Dif-

ferent pricing structures would be interesting to de-

termine the levels at which selling back to the grid 

becomes viable, especially considering government 

subsidies and cost reductions due to technology de-

velopment. 
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Note 1) Department of Energy. 2020 Key Energy Statistics. 

2020. 
Note 2) Quezon City LGU. Quezon City 2018 Ecological Pro-

file. Quezon City, Philippines, 2020. 
Note 3) PSA. 2020 Census of Population and Housing. 2021. 
Note 4) The World Bank. CO2 Emissions (Metric Tons per 

Capita). Climate Watch Historical GHG Emissions 
( 1990-2020 ). climatewatchda-ta.org/ghg-emissions. 

Note 5) NGCP. Operations Data. https://www.ngcp.ph/opera-
tions#operations. 

Note 6) Department of Energy. 2022 Philippine Power Statis-
tics. https://www.doe.gov.ph/energy-statistics/philip-
pine-power-statistics. 

Note 7) DOF, and NEDA. Memorandum Re: Updated Social 
Discount Rate for the Philippines). 2016. 

Note 8) The World Bank. Global Solar Atlas 2.0, Solar Re-
source Data: Solargis. Washington DC, 2021. 

Note 9) Ember. Progress towards Clean Power Targets The 
Philippines 2000–2040. Yearly Electricity Data. 
https://ember-climate.org/countries-and-regions/coun-
tries/philippines-the/. 

Note 10) NREL. Life Cycle Greenhouse Gas Emissions  from 
Solar Photovoltaics. Golden, CO, 2012. 
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