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1 ABSTRACT

Significant carbon dioxide emissions contributegtobal issues such as rising temperatures and telima
change impacts, which have emerged as a majorrgedituglobal concern. As a result, numerous coestri
have committed to cutting down the emission of oarldioxide to achieve low carbon and net zero
emissions targets. As we know human activities sashtransportation, construction, and electricity
consumption significantly contribute to carbon esitias, and they are all in need of energy. Hertts, i
important for every country to use clean energlyaasform from low carbon to net zero emissions.

The transformation to renewable energy sourceticpbarly solar energy, has become a global imperab
combat climate change. However, in Taiwan, dedit®rable conditions for solar energy development,
there are challenges regarding the policy direcéind spatial planning of PV (photovoltaics) instadins.
The current focus on ground-mounted PV, primaniyrural areas, has raised concerns about land use,
environmental impact, and social equity. As a teshiére is a pressing need to prioritize PV dgwelent in
built-up areas to minimize conflicts with greenaeices and ensure sustainable land use, so thetipbte
rooftop PV is vital to built-up areas. This studses Tainan, Taiwan, as a case study area, andjéetioe

Is to forecast electricity consumption in the resighal and commercial sectors, evaluate the patefar
rooftop PV development, and assess the feasibiligchieving renewable energy self-sufficiency uiltbup
areas. It also examines the electricity consumppatterns and rooftop PV generation potential ffedgnt
urbanization contexts, emphasizing the need fdortad policies and regulations to promote fair qunst
renewable energy development.

The research highlights the importance of managing resources judiciously and implementing posicie
that prioritize PV deployment in urban and ruralltcenvironments. In conclusion, the study underssdhe
urgency of addressing the spatial, environmental, social implications of PV development in Taiwtan
achieve sustainable energy transition goals. Tidirfgs are intended to provide a reference foignating
low-carbon principles into urban management pl&usthermore, employing growth management as a tool
for urban energy management is vital to ensure tha¢wable energy development adheres to rational
processes and standards while protecting envirotahessources.

Keywords: Residential Electricity Consumption, Reable Energy Self-sufficiency, Rooftop Photovoltaic
Low Carbon City, Solar Energy

2 INTRODUCTION

After the Industrial Revolution, the widespread g of fossil fuels led to significant carbon diide
emissions, exacerbating global issues such agyrisimperatures. The resulting climate change, jrec
caused by carbon emissions, has become a majarrgadt global concern. Consequently, many countries
have committed to achieving low-carbon and net-zsmission goals. To transform from traditional, ©ion
renewable energy sources like coal to renewableggrsmurces and eventually achieve complete rediamc
renewable energy for electricity generation, clealicy directions are essential. Moreover, dueht finite
nature of land resources, these policies mustfeetafely implemented in spatial contexts.

The availability of land resources, building coratits, and people's lifestyles, all are influencgdiifferent
geographic environments and levels of urban devedop. They are crucial factors affecting the dimect
and types of renewable energy development. Therefdear spatial planning and layout play important
roles in energy transition. Guiding the developmentenewable energy fairly and justly is a crudssue
that all countries must address.
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Taiwan is in a subtropical climate, so in the depetent of various renewable energy sources, we higte
potential and conditions for installing PV. Themefosolar energy development is one of Taiwaninny
goals in its energy transition policy. However, daghe lack of clarity in policies and locatiorise current
situation of solar energy development in Taiwanmyafocuses on large-scale ground-mounted PV and
concentrates in rural areas. As a result, the R¥oaches upon agricultural and forestry land, legdo
landscape destruction and other issues.

However, the proportion of solar energy developmanthe built environment, where humans live and
reside, is relatively low. Therefore, it is evidénat Taiwan faces issues of disorder and conflidtis green
resources in solar energy development, which neéeé urgently addressed and resolved.

2.1 The justice in the development of PV

2.1.1 The importance of managing the land resources

From the perspective of Nature-based Solutions(Nbyts)) land ethics, environmental resources should be
valued and protected more because the land availatdach country is limited, especially agricwdtuand,

fish ponds, or forests, which are natural resourééise land is converted, it may lose its oridifetility, so

the best approach is to minimize the impact onrenwental resources. In the development of solargsn

PV should avoid being installed on land that presignvironmental resources. Large-scale instatlaifo

PV on agricultural land or fish ponds not only sele damages rural landscapes but also raises gwce
about whether the materials and cleaning procesfsitee PV may pollute the land. A more serious ésisu
that this PV may encroach on the production spae@gaculture and fisheries, potentially leadingidsues
with the country's food production space and sécuri

Therefore, if PV could be installed as much as iptessn urban or rural built-up areas, exhaustihg t
electricity generation capacity of built environrteeand newly developed areas, and only then mawmip
adopting agrivoltaic farm, fishery, and electrickiymbiosis, or converting agricultural land. Aseautt, it is
crucial to establish the correct solar energy dgwekent policies, so it can ensure the sustainglufitthe
land and fair development of renewable energy.

2.1.2 The policies of PV and current development issn&saiwan

Taiwan is actively promoting the transition to resable energy with the global goal of achieving neto
emissions. It has set a target that by 2025, 20%abivan’s total electricity generation will comeoin
renewable sources, with a total installed capatdtget of 29 GW. Given Taiwan’'s favorable climate
conditions, there is a strong emphasis on the giapat of PV, with a target capacity of 20 GW for Bid
5.6 GW for offshore wind power. Within the PV cajtatarget of 20 GW, 8 GW is allocated for rooftBy
and 12 GW for ground-mounted PV.

According to government planning objectives, Taiveams to achieve a capacity of 14 GW by 2023, with
approximately 11.66 GW already installed as of ©eto2023. The capacity of rooftop PV has increased
from 1.14 GW in 2016 to 7.33 GW in 2023. Futureog# will focus on installing PV on agricultural
facilities, public buildings, school campuses, isitial rooftops, and community rooftops. On theeothand,
ground-mounted PV capacity has increased from O®#A8in 2016 to 4.33 GW in 2023. The government
aims to prioritize projects with societal consenand no environmental or ecological disputes.

While the capacity of rooftop PV is relatively oo the target compared to ground-mounted PVetlger
still a need to install approximately 7.67 GW obgnd-mounted PV to meet the 2025 goals. However, th
lack of long-term and substantive targets, as wsllunclear planning principles and locations, gise
significant concerns about potential impacts om&rdble communities or land resources in the future

Tainan City is one of the southern cities in Taiwahich has been actively installing PV and hashiighest
installed capacity of PV in Taiwan, approximatel\32 GW. However, many of these installations are
observed to be large-scale PV set up on fishpondsagricultural land (Fig. 1). Despite governmeffibrgs

to address threats to ecology or communities frashefy and electricity symbiosis projects through
regulations and stakeholder engagement, these msaswe seen as reactive rather than proactive.
Additionally, the lack of clear long-term developmigyoals and spatial planning in Tainan has lethé&
over-installation of solar panels in some areasmpting residents to protest and demand a morectivea
and positive response from the government regaf@ingevelopment. (Fig. 2)
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In Taiwan's pursuit of energy transition, decarkation, and sustainability, focusing solely on aehig the
total installed capacity of PV without consideribgpader issues of land use and equity has resirted
conflicts with green resources. Thus, it underssdie importance of prioritizing the developmen®af in
built-up environments and the need for a compratienand prioritized approach to PV development.
Taiwan has a similar area and population to thé&i&inds, but the Netherlands' national vision phamch
emphasizes diverse development approaches basetheoniimited land area, thereby minimizing
environmental impacts. Utilizing existing buildingisurban areas as sites for PV generation not antyds
unfair impacts on vulnerable areas or environmergaburces but also enhances land use efficiency to
ensure the sustainability of land resources. Magantegrating rooftop PV with energy storage teatbgy
and smart grids can change the traditional unitioeal power supply, helping urban areas have rataile
power and reducing the risks of unstable renewadegy supply and transmission losses.

Fig. 1 (left): Ground—-mounted PV in Taiwan (sourCéina Daily News). Fig. 2 (right): People protestessive development of
ground—mounted PV (source: Qigu Dist. Supervisgpyo®lectronics Youth Alliance Facebook).

2.2 Electricity consumption and rooftop PV in built-up areas

Taking into account the summarized issues fromptiegious discussion, it is evident that the develept
of solar PV in built-up areas will be an importampic for exploration. Therefore, there should Herés to
identify the maximum potential for PV generationbilt-up areas and explore the energy self-swficy
achievable through PV generation under actual rggtconsumption scenarios. This information canve
as a reference for subsequent policy formulatiganding PV development.

Currently, in built-up areas, Taiwan primarily fe&s on rooftop PV, utilizing the roofs of buildings space
for solar panel installations to avoid direct lagidturbance. This approach also creates oppomsnitr
individuals to generate and sell electricity usswar panels, thereby promoting economic benefitd a
creating new job opportunities. However, compacediiroad where various types of buildings are gatylu
equipped with solar panels, Taiwan's regulationsrémftop PV only mandate certain scale buildings t
install a certain proportion of solar panels.

To ensure that the development of renewable enaligns more closely with principles of fairness and
justice, there should be greater encouragemetthéoinstallation of rooftop PV in built-up areahéerefore,
this research aims to explore electricity selfisighcy in built-up areas.

2.2.1 The degree of urbanization causes differencestr@ity consumption and PV generation potential

Analyzing the overall electricity usage in a coyntan be broadly categorized into domestic usagk an
industrial usage. Domestic usage includes resi@entid commercial usage. Industrial usage includes
primary industries and manufacturing. From prelianjnanalysis, it is evident that domestic usagaase
universal and consistent compared to industriabeiséndustrial usage varies significantly basedtlon
industry type and scale, making it less predictedoe requiring regional power regulation to achieve
balance. On the other hand, domestic usage isemfled by population density and development scale,
making it relatively predictable. In urban areasgcticity usage is generally higher due to denser
populations and diverse activities, resulting inrendall buildings and compact distribution (Fig.. 3)
Conversely, rural areas have lower population dgnkEss diverse activities, and scattered, lowdigs
(Fig. 4), leading to lower electricity usage congzhto urban areas.

Regarding the PV generation potential, built-upaaralso vary in their suitability for generationedio
differences in characteristics. For instance, uraggas with many tall and densely packed buildimgy
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have reduced potential for rooftop PV installatthre to shading issues. Additionally, older buildingay
have limitations on installing rooftop solar panditscontrast, rural areas with more disperseddingls and
available land may have a higher potential for R&tallation. As a result, considering regionaleatiénces in
electricity usage and PV generation potentialjstteal analysis and forecasting of both supply dachand
sides are necessary to effectively promote PV dgweént. This information can inform tailored padsi
and regulations to promote fair and just renewahlergy development.

Fig. 3 (left): Urban area landscape in Taiwan (seuETtoday News). Fig. 4 (right): Rural area layage in Taiwan (source:
taiwanhot).

2.2.2 The policies of rooftop PV and prospect in Taiwad &ainan

Countries like Canada, Japan, and Germany havdeehkavs to encourage and promote rooftop PV. For
instance, in 2009, Toronto, Canada, introduced @nat92 of the Toronto Municipal Code, known as the
Green Roofs. This law mandates that new buildings; development zones, and residential projects avit
total floor area exceeding 2,000 square metersticanied after 2010 must utilize 20-60% of rooftgase

for greenery or solar panels. Similarly, Berlin, r@any, implemented the Berlin Solar Law in 2021,
requiring new, expanded, or renovated building$ wifootprint exceeding 50 square meters to instdir
panels covering at least 30% of the rooftop's red.a

In Taiwan, some Non-Governmental Organizations eate for the principle of "urban electricity from
urban areas" to promote regional development edFity. 5). They propose incorporating rooftop PYbin
the law to prevent extensive solar panel coverdgmvronmental resources and excessive concemtrati
rural areas. Therefore, promoting the self-sufficieof energy in residential and commercial aredhinv
built-up areas is a key goal for Taiwan's futurewdver, in the subsequent legislative proposals, th
Legislative Yuan stipulates that buildings with area of 1,000 square meters or more, whether new,
expanded, or renovated, must install 1 kW of splawer for every 20 square meters. This approach
primarily targets large-scale PV, unlike Germatgyg, which includes smaller residential buildings.

% e —————_. . e ——rs. §
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Fig. 5 (left): People advocate inclusion of rooff®y in regulations (source: Citizen of the EarthiwEa.). Fig. 6 (right):
Community rooftop PV in Taiwan (source: Yahoo News).

Taiwan is currently implementing the "Green RooFRérticipation” program for small-scale buildingse
residences, aiming to realize the concept of aasitipower plant by encouraging rooftop solar adoptin
Taiwan's current system, after building ownersaihsolar panels, the electricity generated is foottheir
own building's use. Instead, the government guaesnto purchase green energy at a higher priceidprg
a certain incentive. As a result, regardless oftimrethe building owners are the ones using etgttrior
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the actual building, it is beneficial to install PA6 long as time and environmental conditions permi
However, single-building initiatives may resulténergy inefficiencies or low economic benefits tuéheir
small scale, leading to reduced interest among ghblic. Therefore, future policy and regulatory
frameworks should emphasize community-level renésvabnergy systems planning for entire
neighborhoods or communities to enhance flexibilityenergy supply and demand (Fig. 6). Additionally
policymakers should incentivize the comprehensiemewal of older communities to promote the
widespread adoption of rooftop solar in built-upas.

3 METHODOLOGY

This study selects Tainan City as the empiricataesh base site, which has the highest installed PV
capacity in Taiwan (Fig. 8). Tainan, located inaaea with abundant sunlight, is an excellent lacator PV
development. Geographically, Tainan's terrain ghér in the east and lower in the west, leading natural
tendency for people to reside in the flatlandshe west (Fig. 9). As a result, urbanization leveldiate
outward from the city center on the southwest sidesing uneven population distribution spatially.

However, current data indicates that PV developmanfTainan primarily occurs in rural areas on
agricultural land and fish ponds. Some solar paasdssituated very close to habitats of importaitd|ife
species, resulting in changes to their habitats @otdntial inconveniences for residents. The cuarfew
development in Tainan does not prioritize rooftdpiRstallations, highlighting the need to confirnmether
rooftop PV development in built-up areas can mhetdlectricity demand of residential and commercial
sectors. It is also need to analyze the feasibifitpchieving energy self-sufficiency through regitPV in
areas with different levels of urbanization. Futafforts will focus on formulating fair regulations ensure
the development of renewable energy aligns withgiples of justice.

Therefore, this study will be divided into threertga The first part involves analyzing electricity
consumption patterns, focusing on residential amdllsscale commercial buildings in built-up areas t
assess whether electricity usage differs acrosssamith varying degrees of urbanization. The sequard
explores the PV generation potential in built-upaa Considering factors like building age, formd a
density, the study will simulate different scenario understand the PV generation potential oftopst The
third part calculates the self-sufficiency rateetdctricity by comparing the power supply and dednan
areas with different levels of urbanization. Theesults will serve as references for formulatingufe
renewable energy development strategies basedjmmeas characteristics and conditions.

(1) Calculation of Actual Electricity Demand

To understand the electricity consumption trenda specific area, this study will analyze residangind
commercial electricity sales data collected by Tla@van Power Company over the past five years (2018
2022). In addition to analyzing electricity consuip trends in various areas, the data will be ttgzlinto
GIS systems for spatial analysis.

(2) Simulation of PV Generation Potential on Diéfiet Building Rooftops

Electricity Rooftop PV
Demand in e generation
built-up region simulation

;§_|

Electricity self-
sufficiency rate

Fig. 7: Schematic diagram of research methods

To further understand how urbanization levels dfigdectricity consumption, this study will seletireée
administrative districts—West Central District, Qidpistrict, and Longgi District—as the main reséarc
areas based on their urbanization levels. Given ttha lifespan of PV is approximately 20 years and
buildings typically have a lifespan of 50 yeardfetent scenarios will be simulated to calculate #V
generation potential of rooftops. The first scemarssumes that buildings older than 30 years willbe
considered, and only relatively new buildings (3fans old or less) will have solar panels installEde
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second scenario assumes that both new and oldrgsldill have rooftop PV installed, with older hdihgs
also being retrofitted with PV. Similarly, solarrmas will cover 50% of the projected area of théddiug in
both scenarios to analyze the potential generapacity in built-up areas.

(3) Calculation of Electricity Self-Sufficiency Ra

By combining the results of the first two stepg #lectricity consumption and potential supply leceicity
in a specific area can be determined. These resilltthen be used to analyze the electricity seifficiency
rate in different regions.
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Fig. 8 (left): Aerial photo of Tainan City. Fig. fight): Tainan City population distribution map 622
4 ELECTRICITY CONSUMPTION

4.1 Distribution of electricity consumption in residential and commercial sectors

Based on the statistical data from the Taiwan P&@anpany for the years 2018 to 2022, an analysikeof
pure residential electricity consumption in variadistricts of Tainan City reveals a strong corielat
between residential electricity usage and the a@egfairbanization. The areas which are highlighiteced
(Fig. 10), particularly concentrated in the soutbiveepresent the city center of Tainan and exhhmst
highest levels of electricity consumption, whicladwally diminishes outward. In contrast, the whiteas on
the eastern side, closer to the mountainous regiamsonstrate lower electricity consumption anteotfthe
lower population density in these rural areas. Tunislerscores the fact that urban areas exhibitehigh
electricity demand due to their larger populations.

Due to the high degree of mixed land use in Taiwhare is no clear boundary between residential and
commercial buildings in the city. Therefore, torhere consistent with the domestic electricity cangtion

in the city, this study investigated the electyicibnsumption of low-voltage electricity in residiah and
small businesses. According to research resultgicplarly prevalent in urban areas with more isiga
commercial activities, the analysis still confirrtigat urban regions exhibit relatively higher elmaty
demand compared to rural areas (Fig. 11). In ceptraral areas tend to have lower intensity in mamncial
development, suggesting a lower electricity congdionp This highlights both the higher electricitgrdand

in urban areas compared to rural ones and the tidtdor greater energy conservation and efficiency
measures in urban settings.

4.2 Average monthly electricity consumption of each radential household and classification

After dividing the total electricity consumption plire residential areas by the number of househtids
average monthly electricity consumption per houkklvan be calculated. Visualizing this data revesals
correlation with the degree of urbanization, whare urbanized areas tend to have higher averagthiyo
electricity consumption per household (Fig. 12).wdwger, when calculating the average residential
electricity consumption per capita, it can be fotinat there is no significant correlation with umkzation.
However, the average residential electricity constimn per capita in areas with high urbanizatiorsti#f
high. On the contrary, in some suburbs, the averagigential electricity consumption per capitaalso

B
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high. This means that although the total elecyricibnsumption in these areas is small, the average
electricity consumption is high because the nunatb@eople is also small (Fig. 12).

Fig. 10 (left): Average total electricity consunggtiof residential buildings in Tainan City from B0tb 2022. Fig. 11 (right): Total
electricity consumption of low-voltage electricityuildings in Tainan City in 2022.

Therefore, further categorization of Tainan's adstiative districts based on their urbanizationeleand
characteristics reveals five types, with each hioolsks monthly average electricity consumption ragg
from 188 kWh to 291 kWh (Fig. 14). The downtownareharacterized by the highest level of urbaropati
constitutes the first category, with an average thigrelectricity consumption of approximately 29%Wk

per household. The second category comprises thphpeal areas surrounding the downtown, with an
average monthly electricity consumption of arourt® XWh per household. The third category consists
mainly of agricultural areas across the distrigthvan average monthly electricity consumption lobat 240
kWh per household. The fourth category, dominatgdagricultural zones and hilly terrain, records an
average monthly electricity consumption of appradety 214 kWh per household. Finally, the fifth
category represents areas with the lowest urbammzégvel, predominantly consisting of hilly temaand
forests, with an average monthly electricity conptiam of around 188 kWh per household. (Table 1)

07111
AAFYARE

Fig. 12 (left): Average monthly residential elecitiy consumption per household from 2018 to 2028&doh administrative district of
Tainan City. Fig. 13 (right): Average residentia@ticity consumption per capita from 2018 to 2@22ach administrative district
of Tainan City
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Fig. 14: Classification of administrative distrigtsTainan City
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Average monthly residentid
Type lllustration electricity consumption pe
household (kWh)

=

It has the highest degree of urbanization and thercity
First category (1) center. The entire area or most of the area itygtown) | 290.63
plan or urban plan.

Second category (2) | Itisin peripheral areas surrounding the downtown. | 259.88

Third category (3) The whole area is mainly agricultural areas. 239.67

The entire area is dominated by hillside consemvalt|213'97

FELT GELEREY () zones and agricultural areas.
The degree of urbanization is the lowest, and atlriiees
Fifth category (5) entire area belongs to forest areas or hillsidesensation| 188.42
zones.
Table 1: Classification of average monthly residarglectricity consumption per household in eaamiadstrative district of Tainan

City

5 ROOFTOP PV POTENTIAL AND ELECTRICITY SELF-SUFFICIEN CY

To further analyze the electricity self-sufficien@tes of different types of built-up areas, thigdy selects
representative districts from among the 37 admtise districts of Tainan City. The first category
representing areas with the highest degree of irdkhon, is represented by the West Central Distilibe
second category, representing suburban areas eutsdurban center, is represented by the Qiguiist
Lastly, category 5 which is areas with low levefsudbanization, predominantly hilly terrain and det
areas, is represented by the Longqi District.

The study begins by analyzing the distribution dgnsumber of floors, and age of buildings in thekree
types of areas to determine if there are significiiferences. Subsequently, simulations of thespwoal for
PV generation based on two scenarios are conducteeixplore the achievement of residential and
commercial electricity self-sufficiency rates irettiree types of urbanized areas.

5.1 Overview of buildings’ condition in each district

The West Central District, located in the old atga of Tainan City, exhibits a high degree of nibation,
resulting in dense building distribution (Fig. 18egally constructed building areas account fo53% of
the total administrative district area, with builds primarily ranging from 3 to 5 stories in heigBtildings
with an age of under 30 years represent only 37.62fte total building area.

The Qigu District, situated in the suburban arsaprimarily characterized by fishpond usage duésto
proximity to the Taiwan Strait. As a result, builds are widely dispersed (Fig. 16), and settlemards
concentrated in areas closer to the inland easielan Legally constructed building areas comprisly o
0.43% of the total administrative district areathwbuildings mostly consisting of 2 stories or fewe
Buildings with an age of under 30 years represpptaimately 68.30% of the total building area.

Legally The ratio of buildings Ratio of -tI)-Si(Iadinriuo el Ratio of
District constructed with an age of under 3| buildings below 9 buildings above
- . . between  3~5 :
building density | years 2 stories . 5 stories
stories
West
Central 31.54% 37.62% 40% 46.1% 13.9%
District
Q)] 0.43% 68.30% 78.9% 21.1% 0%
District
Longal 1 5 1004 42.58% 95.2% 4.8% 0%
District

Table 2: Buildings analysis in West Central Distr@@igu District and Longgi District

The Longgi District, adjacent to the Central Moumt&ange, features more sloped terrain and forested
areas, resulting in even more scattered buildirggridution (Fig. 17). There are no distinct setiein
patterns, and legally constructed building areasaat for only 0.1% of the total administrativetdis area.

>4
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Buildings in this area mostly consist of 2 storiedewer, with buildings under 30 years of age tituting

around 42.58% of the total building area.
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Fig. 16 (left): Building height analysis in Qigu Bist. Fig. 17 (right): Building height analysis irongqi District

5.2 Rooftop PV potential and electricity self- sufficiecy rate

In the calculation of rooftop PV potential, based5®% of the projected area of legal buildingshia ¥West
Central District, Qigu District, and Longqi Distridwo scenarios are simulated to calculate thergtl for
rooftop PV development to meet actual electrickyndnd. This serves as a basis for formulatingreadlo

goals and policies for solar PV development in orlad rural areas.

The rooftop PV potential is divided into two scenay considering that the average lifespan of Inijsl is
50 years while rooftop PV systems have a lifesge20oyears. In the first scenario, the potentigdsy area
for rooftop PV is calculated based on buildingsem80 years old, covering 50% of the total roofaale
the second scenario, it is assumed that all bgjidican install solar panels in the future, with saene

calculation method applied.

For the self-sufficiency rate calculation, the #ietty usage from 2022 for low-voltage buildings i
considered to better reflect general electricitpstonption patterns. The results of the self-sudficy rate
calculation show that in the first scenario, the stV€entral District, which has a higher degree of
urbanization and older buildings, has the loweé$tssdficiency rate at only 13%. In contrast, theg®
District achieves the highest rate at approxima896, while the Longqi District reaches 23%. In the
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second scenario, with increased potential for opofPV, the self-sufficiency rates improve. The West
Central District increases to 33%, the Qigu Disttic39%, and the Longqi District sees the mostifiicant
improvement, rising to 54%.

Comparing self-sufficiency rates across differgmpies of built-up areas reveals that while the \Weesttral
District has more buildings, its urban electricitpnsumption is higher, resulting in a maximum self-
sufficiency rate of only 33%. Conversely, ruralagdike the Longqi District, despite having feweoftops
suitable for solar panels, achieve higher selfisifficy rates of up to 54%, indicating greater poé& for
renewable energy self-sufficiency in rural aredseréfore, efforts to promote rooftop PV installatghould
be strengthened in rural areas.

BT Rooftop PV power
consumption off P P Self- Rooftop PV power Self-
L generation of . ; .
District low-voltage buildinas under 3d sufficiency generation of all sufficiency
buiIdi(rlm(gsh) in years c?ld (KWh) rate buildings (kWh) rate
2022(kW
West
Central 384,294,465 48,125,802 13% 127,919,393 33%
District
Qigu 0 0
District 80,067,651 21,118,247 26% 30,921,360 39%
'[-)‘?”gq' 7,456,496 1,720,407 23% 4,040,161 54%
istrict

Table 3: Rooftop PV potential and self-sufficienegerin West Central District, Qigu District, and lgoy District

6 CONCLUSION

In Taiwan, solar energy has been a developmentigaaktent years. However, the government has &atus
solely on the target of installed PV capacity, lagklong-term policy goals and a reevaluation oéregg
supply and demand. This has led to the currentgshenon of disorderly development in PV facilitiesth
large-scale ground-mounted PV installations endriogc upon agricultural land or fish ponds, raising
concerns about the destruction of green and eaabgésources. Therefore, the development of reblewa
energy and the logic of land ethics and land plagmhust be established to avoid aggressively prioigpot
energy transformation while damaging importantaral land resources. Currently, Taiwan has setgeta
of 20GW of installed PV capacity by 2025, witholg¢ar spatial planning or development strategies and
guidance for different types of areas. With the ygapon growth and construction of new buildings in
different regions, failure to promptly establishpeppriate policies to make the most of these hupltareas
could lead to a continuous increase in the amo@iextricity that ground-mounted PV must generate.
Therefore, the promotion of rooftop PV should be=gi more attention and foresight, but it shouldlack a
careful evaluation process.

This study attempts to explore the self-sufficiemaie of rooftop PV based on residential and comiakr
electricity consumption in built-up areas. From thsults of this study, rural areas have a higlemail to
achieve self-sufficiency in electricity consumptittmough rooftop PV, thus future efforts shouldusmn
promoting electricity self-sufficiency in rural @& Although the degree of self-sufficiency in urlaaeas is
limited, the high population and building density dities also provide opportunities to reduce eieity
demand through energy-saving measures. Additionalyewable energy generation, including solar BV,
relatively unstable compared to traditional coegdi or nuclear power generation and is also tinpeddent.
Therefore, the stability of the future power systiencrucial. Currently, Taiwan's electricity difuition is
mainly centralized production by Taiwan Power Compalistributed to households or industries, posing
high risks and energy losses in a centralized pgunidr Electricity has always been essential fanhn life,
production, and transportation. Rooftop PV providasopportunity for power system reform by incragsi
the popularity of distributed energy sources thiropgblic participation, allowing local power neddsbe
produced locally, and ensuring the efficient userérgy. As a result, urban areas should also agiige
urban infrastructure, actively promote the develeptnof community-based PV installations, and
complement them with energy storage and smart dgegloyment to improve grid layout, reduce
unidirectional power transmission, and increasetetity efficiency in urban areas.
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In terms of future research recommendations, becthis study only focuses on the potential of rgpfPV
installations in built-up areas, it has not consideother renewable energy sources that could belajed

in built-up areas, such as small wind power andlldmydroelectric power. Additionally, with technalical
advancements, buildings can integrate solar enagjyonly on rooftops but also on facades through
Building-Integrated Photovoltaics (BIPV). Therefpfature research on renewable energy simulations i
established areas could explore more diverse dosndn legal terms, other possible renewable gnerg
sources should be included, and the integratiosotsfr energy into buildings should be encouragaither
than just focusing on rooftop PV. In conclusionedfic regions should not bear greater sacrifices)
appropriate regulatory measures should be usedatonmze the use of available buildings and spanes i
built-up areas, allowing areas needing electritttygenerate their own power, and reduce unnecessary
damage to environmental resources. If electriaiif-sufficiency cannot be achieved within built-apeas,
the government should use growth management meatumaintain fair development between regions,
achieving a more just development of renewablegner
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