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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Jiri Jaromir Klemes The building sector is responsible for about one third of the global final energy consumption and CO; emission,
thus it is desired to limit and replace building-related fossil energy sources to meet climate goals. In this context,
the utilization of building integrated solar technology has proven to be a reliable and increasingly affordable
alternative, however, there is still an immense potential remained unexplored. This study thus uses, a high-
resolution, geospatial energy supply model to estimate the useable building rooftop areas across 11 regions of
the World, and calculates the corresponding global and regional potential of energy production of state-of-the-art
rooftop PV/T collectors over a 39-year period. Our results demonstrate that solar PV/T energy production on
residential and commercial/public rooftops has enormous global potential (47.5 PWh), with the possibility of
doubling by 2060. The current magnitude of potential implies that about 60% of the suitable building rooftops
could be installed with PV/T collectors to offset most of the local energy demand. Regarding the future trends we
found that beyond the extended building stock in large economies (e.g., China, USA and EU), the newly-built
commercial buildings of developing regions (e.g., Latin America and South Asia) are modeled to have key
role in realizing the estimated potential over the next decades. Our study also focuses on the geographical,
temporal and building-level characteristics of energy production and concludes that rooftops in the Middle East,
South and Pacific Asia have the most favorable geographical exposure for capturing solar (dominantly thermal)
energy by PV/T collectors. It was found to be especially valid for months during the warm season. In regions
dominated by temperate climate, the energy generation is characterized by a second maximum before the warm
season, due to the peak of electricity production. At the time of the production peaks and in general annually,
irrespective to regions, PV/T collectors installed on single-family roofs and retails were estimated to have the
greatest potential to supply green energy for the entire building and thus likely to balance the in-situ energy
consumption.
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1. Introduction projected to be the most intense in South Asia and Sub-Saharan Africa,
would further increase the energy demand of buildings, as 75% of the
global final energy use and the related CO5 emission takes place in ur-

banized areas (REN21, 2021).

The building sector is responsible for almost 31% of global final
energy use and 54% of final electricity demand (Rogelj et al., 2018).

Energy demand of the building sector is mainly dominated by the
aggregated domestic demand for the space heating/cooling, water
heating, and refrigeration. Precisely, these end-use demands consume
around 40 PWh energy globally, which is over one-third of the global
final energy consumption (IEA, 2020a). Thus, to achieve the Paris
agreement target that is to limit the temperature rise within 1.5 °C, the
domestic energy demand needs to be substantially reduced by 2050
globally. However, with the increasing rate of urbanization, which was

Reducing the building end-use demand without affecting the comfort
and well-being of the occupant is a challenge. The most popular option is
to decarbonize the energy system with renewables. Solar radiation
provides sustainable, well-predictable, efficiently harnessable and
abundant form of energy. The energy of photons, as the elementary units
of sunlight, can be converted instantaneously to electricity (via photo-
voltaic — PV - effect) and heat using various solar panels and solar
thermal collectors (Zhang et al., 2013). Besides its positive
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environmental aspects (e.g., clean energy, mitigation of GHGs), the solar
technology has high reliability, decreasing operation and maintenance
and increasing availability (Sampaio and Gonzalez, 2017). Conse-
quently, the installed solar capacity has shown a magnificent growth
(from 0.42 to 586 GW) in the last two centuries across the World
(Hannah and Roser, 2020).

The more vital spread of the solar technology, on the other hand, is
inhibited by such yet unresolved factors as high initial costs and lack of
governmental incentives, geographical limitations and mismatch be-
tween the production and consumption (i.e., power storage problems)
(El Chaar et al., 2011; Trainer, 2017). Nonetheless, with the recent ad-
vancements of solar technology, buildings can produce electric and/or
thermal energy with on-site solar systems and hence, there is a need of
exploration of the building sector in the light of the technological ad-
vancements. The cutting-edge building-integrated solar systems help to
promote net zero buildings and can play a pivotal role in passively
reducing energy demand substantially without comprising with the
well-being of occupants (Urge-Vorsatz et al., 2020). Additionally, solar
energy production on building surfaces can alleviate the land require-
ment of solar energy systems and support the use of non-competing
spaces on rooftops and/or on facades (van de Ven et al., 2021).
Despite these benefits, the potential for solar energy production on
building  surfaces, especially for global scale, remained
under-researched.

The BISE model (Petrichenko, 2014; Petrichenko et al., 2019) was
developed to bridge this scientific gap by simulating the technical po-
tential of electric and thermal energy produced by PV/T collectors
installed on the rooftops of residential and tertiary buildings. This model
was also designed to overcome the limitations of earlier global in-
vestigations in terms of suitable rooftop area, with applying a consistent,
“medium-level” spatial dataset and GIS toolboxes to estimate the global
distribution of building footprints. Due to the fine spatial and temporal
resolution of the model, it is suitable for depicting even sub-regional
(country-level) or daily variability of the potential of PV/T-related en-
ergy production. In addition to these, the flexibility of BISE makes
possible to compare the outputs with building-related global energy
demand models (e.g., 3CSEP-HEB: Urge-Vorsatz et al., 2012 and BUE-
NAS: McNeil et al., 2013) to typify regions, climate zones and building
types, where the net-zero emission may technically be feasible relying
only on solar PV/T production. Nevertheless, certain modules of the
BISE model has not been updated in the last years, so that the latest
datasets for building characteristics and trends in the PV/T technology
was not incorporated.

In this study, our goal, therefore, is to upgrade the outdated modules
of the BISE model and employ it to give an estimation on how much
energy the PV/T collectors could produce presently on residential and
tertiary building rooftops, and how this technical potential will likely to
evolve across worldwide regions during the forthcoming decades. To
shed light on spatiotemporal characteristics, we also aimed to assess the
inter-regional and inter-annual differences of the PV/T potential.
Furthermore, by estimating the specific technical potentials for each
analyzed building types, we explore the possible differences in the
ability of buildings in supplying solar energy and in balancing the local
consumption.

2. The potential of building integrated solar production

The solar energy market is dominated by the economically most
profitable PV panels, although the hybrid PV/T collectors also represent
a noticeable part of the solar industry. The main advantage of these PV/
T collectors (combination of PV cells and a heat absorber) related to
standalone PV panels is that they utilize the waste heat generated by
overheating cells and transform it to useful and consumable thermal
energy (Oruc et al., 2016; Shin et al., 2020). In the meantime, remark-
ably lower cell temperature and enhancing electric efficiency (nejec) can
be achieved by exhausting heat from the module (Diwania et al., 2020).
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The PV/T systems are usually characterized by the type of the col-
lector (e.g., flat plate or concentrated) and heat removal material (e.g.,
air or fluid-based) (Babu and Ponnambalam, 2017). The preference of a
given PV/T collector type at building level is determined by many fac-
tors, including climate, building type, local regulations, maintenance
and application (Bloem et al., 2012). If solar energy is applied to provide
heat for space heating systems (in tall buildings) or agricultural pro-
cesses (e.g., drying crops), mostly the air collectors are favored. Other-
wise, for residential space heating/cooling and hot water systems, the
fluid-based design seems to be more spread (IEA, 2020b). PV/T collec-
tors can be mounted on building rooftops, facades as well as physically
integrated into the structure and material of the buildings (Building
Integrated PV/T — BIPV/T). A BIPV/T system is not only capable of
supplying energy to balance local consumption, but has also proven to
be very effective to govern the energy performance of the building in a
more sustainable direction (Yang and Athienitis, 2016).

Majority of the former studies have rather focused on the local
(building or city) scale analysis of solar energy potential provided by
BIPV systems. Strzalka et al. (2012) combined three-dimensional ge-
ometry modeling with photovoltaic system simulations for a residential
district near Stuttgart, Germany. By creating a 3D city model from
geospatial data, they estimated the shadow effects and suitable roof area
(54% of the total area) for each building. It was concluded that 35% of
the total annual electricity (10 700 MWh) can be supplied by PV energy
production. Hong et al. (2017) also recognized the capability of GIS
technique and performed a hillshade analysis to explore the influence of
shading on roof area suitability. After calculating the total solar radia-
tion on the rooftops (i.e., physical potential) in the Gangnam district of
Seoul, South Korea, the authors predicted the geographical and tech-
nical potential of PV electricity generation. In their findings, the annual
potential of 1 130 371 MWh was equal to 12.17% of the available solar
radiation during the year. In their country-level study, Buffat et al.
(2018) assessed the rooftop PV potential for Switzerland. As a result of
making data intensive manipulations on building footprint and digital
surface layers, the orientations, slopes and horizon angles of roofs were
computed for the building stock. Using the single-diode electrical model,
the mean annual rooftop PV potential was found to be 53.2 TWh, which
was 91% of the total Swiss electricity consumption in 2015. The authors
highlighted that, despite the similar range for the consumption and
production, the high inter-annual variability of meteorological condi-
tions can alter the gap between the two sides. Walch et al. (2020) pro-
cessed 3D building cadastre and digital surface model by neural network
approach and modeled different PV potentials for Switzerland. The
comparison of the results of the Swiss studies indicates a difference of
218 km?, 13.7% and 16.42 TWh in suitable rooftop area, suitability rate
and annual technical potential of PV production, respectively. This case
draws the attention on that the results of such analysis, even for similar
study areas, can significantly vary due to the source of input data and
methodological assumptions.

Considering the regional investigations, Bodis et al. (2019) made a
comprehensive estimation on the PV electricity generation of the EU.
With precise GIS-based preparations on high-resolution building foot-
print raster and reference cadastral vector datasets, the available rooftop
area and the technical potential was determined to be 7935 km? and
0.68 PWh/year. This potential was found to be suitable for covering
about the one quarter of the total electricity consumption for the EU in
2016. Of the very few global studies, Hofman et al. (2002) and Hoogwijk
(2004) employed a simplified assumptions for approximating the
rooftop suitability and simulating the technical potential of PV panels.
More precisely, Hofman et al. (2002) used GIS (e.g., solar irradiance and
population), statistical (e.g., degree of electrification and suitable roof
area per inhabitant) and technological data (e.g., module efficiency),
and estimated the technical potential of the global PV electricity pro-
duction to be 7.7 PWh/year. In this analysis, the largest production was
revealed for the USA and China with 1.69 and 1.39 PWh/year. Hoogwijk
(2004) divided the calculations for centralized and decentralized
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production as well as for theoretical, geographical, technical and eco-
nomic potential. For the decentralized technical potential of PV pro-
duction, the author found a global value 6 PWh/year, with regional
maxima in the OECD Europe (1.1 PWh/year) and South Asia (0.6
PWh/year). In both research, the suitable roof area was derived by using
statistical assumptions based on census or GDP data, which was regar-
ded as a potential weakness of the methodology by Hoogwijk (2004).

In the earlier interpretation of the BISE model, Petrichenko et al.
(2019) realized the shortcomings of preceding global studies, and that
the GIS technique and high-granularity spatial data, as ‘medium level’
inputs based on the classification of Castellanos et al. (2017), can be
utilized not only in local or regional but also for global assessments. The
authors elaborated an overarching calculation procedure that included
high-resolution input data for meteorological, technological and roof
geometry parameters and gave estimations on the technical potential of
PV/T collectors and the extent of solar electric and thermal energy
generation. They found the global electric and thermal potential being
7.2 and 6.9 PWh by 2050. Nevertheless, Petrichenko et al. (2019)
emphasized certain modeling limitations regarding the scope, input data
and technical details that might have affected the uncertainties of the
above results. Our purpose in this study is, therefore, to overcome some
earlier limitations of the BISE model, and to inspect the effect of the
methodological improvements on the modeled potential of the BIPV/T
energy production.

3. Methodology

In order to overwhelm some limitations of the earlier versions of the
BISE model and to incorporate the latest technological innovations, the
model has been upgraded to reduce the uncertainties of the simulations
and be able to obtain even more realistic outputs in terms of global solar
energy potential. In this section, we present only the new methodolog-
ical steps and the most vital information needed to understand the
modeling framework. More details on the philosophy of the BISE model
can be found in Petrichenko (2014) and Petrichenko et al. (2019).

3.1. Description of modeling framework

The modeling area consists of 11 major regions that span the entire
populated area of the Earth (Fig. 1.). Among the analyzed geographical
territories, Africa and Former Soviet Union have the largest, while Pa-
cific Asia and Eastern Europe are characterized by the smallest area,
with 2.22e107, 4.34e10° and 1.16e10° km?, respectively. With mean
population densities 265 and 109 people/km?, South Asia and Western
Europe contains the most urbanized and built-up areas of the regions
(CIESIN, 2018). It is assumed in the BISE that these urban areas contain
various types of buildings, namely single family, multifamily and
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tertiary (e.g., educational, hospital, hotel and restaurant, retail, office
and other) buildings.

In our current modeling efforts, a 39-year long period was analyzed.
We select 2022 as the first year, which is considered to be a realistic date
when the energy and building sector could be restored after the
pandemic crisis. With the closing year of the simulations (2060), a suf-
ficiently long investigation period was intended to be maintained, which
contains the most crucial years in terms of the transformation of the
energy sector to mitigate the undesired effects of climate change.

The BISE model has three types of major inputs, including meteo-
rological, building-related and technological parameters. As it can be
found in the Supplementary Material (Tables S1-S3.), the spatial and
temporal characteristics of different variables vary on a wide range.
Since the BISE is a grid cell-based, geospatially resolved, high-
granularity model, its spatiotemporal resolution is equal to the finest
resolution of input databases. The outputs, therefore, are computed with
hourly time steps and on a 100-km grid mesh, which makes the detailed
and well-interpretable analysis of the technical potential of solar energy
supply possible. Before allocating inputs to the dynamic computational
core of the model, the raw data must be preprocessed with various GIS
tools to ensure the sufficient data format and quality. In the next sub-
section, the major steps of the data preparation are presented.

3.2. Preparation of meteorological parameters

Instead of using the popular typical (averaged) meteorological year
datasets for deriving the most crucial meteorological variables (e.g.,
Oloo et al., 2015; Kambezidis and Psiloglou, 2021), we account for the
spatiotemporal dynamics of parameters affected by the changing
climate during the simulation period. For this purpose, reanalysis data
from 2015 to 2019 and climate projections are combined. The role of the
reanalyzed parameters is to refine the temporality of the projected fields
of climatic variables.

Because of the abundance of the available variables (Table S1.) and
the sufficient spatiotemporal representation, the MERRA-2 (Modern Era
Retrospective-Analysis for Research and Applications) dataset (Gelaro
etal., 2017) is used as the basis of the refinement. After acquiring annual
profiles for each parameter for the selected era, the five profiles were
aggregated into a single curve, including the mean hourly variation of
the given variable over the five years. Then the mean hourly absolute
values of the profiles were transformed into hourly weights by taking the
daily means of the parameters into account and by dividing the related
hourly values with them. As a result, four curves were generated for each
variable, along with 8760 hourly weights (cj) and values in a typical
range between 0 and 5.

The future state of the climate was estimated by modeling pro-
jections obtained from CMIP-6 (Coupled Model Intercomparison Proj-

Fig. 1. Spatial distribution of modeling regions in the BISE. For the abbreviations of regions, see Table 2.
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ect) database (Eyring et al., 2016). For the vast number of data products,
we apply a rigorous selection process that filtered out projections with
coarse grid resolution or with inadequate temporal availability. Addi-
tionally, only simulations performed with the SSP (Shared Socioeco-
nomic Pathway) 2-4.5 scenario is taken into account. With this latter
restriction, a “middle of the road” scenario was assumed in terms of CO5
emission and global temperature rise. By introducing these filters, the
number of potential modeling products was significantly reduced of
which the outputs of the climate model of the Deutsches Klimar-
echenzentrum (Schupfner et al., 2019) are used. Since these outputs
were available only at daily time step, there was a need to increase its
temporality to produce the desired hourly resolution. In order to refine
the time steps, the modeled daily means of each parameters were
multiplied with the c;x weights derived earlier from MERRA-2 data,
thus:

Xije = Cik " Xij (@]

where y;; is the projected mean of a given variable from the DKRZ model
in a month (i) and on a day (j), cjjx is the hourly weight of a given var-
iable derived from the MERRA-2 database and yjjx is the refined value of
a given variable in a month, day and hour (k). Before computing
Equation (1)., the c; rasters are resampled to the resolution of y; using
Bicubic Spline resampling method. During the raster calculation pro-
cess, cjjk was considered as a constant layer in each i-th time step of the
analysis period (2022 < i < 2060).

3.3. Estimation of roof area parameters

The estimation of the global pattern of roof area relied on two types
of datasets (Table S2.). One of these data sources included the raster
grids of Global Human Settlement Layer (GHSL) that has been produced
and supported by the Joint Research Centre (JRC) and the DG for
Regional and Urban Policy (DG REGIO) of the European Commission.
The GHSL database consists of geospatial maps for built-up, settlement
and population density information. From this dataset, we used the GHS-
BUILT-S2 built-up grid system. The related raster layers were originally
extracted from Sentinel-2 satellite images with convolutional neural
network approach (Corbane et al., 2021). They have 10-m horizontal
resolution and depict the probability of the occurrence of buildings (0 <
P < 100%) in a given cell. The global dataset was split into 502 regional
tiles that were obtained at the Joint Research Centre Data Catalogue
(JRCDC, 2020).

Since the GHS-BUILT-S2 built-up grids are not suitable to designate
the real location of buildings, it was necessary to combine them with
another datasets. To this end, we gathered building cadastre data for
different urban areas. Building cadastre maps, being created generally
from very detailed (sub-cm) aerial photographs, represent the real
spatial distribution of building footprints. Consequently, such data is
suitable to determine the possible threshold for P values in which the
occurrence of buildings is very likely within GHS-BUILT-S2 pixels.

The cadastral maps were acquired via the INSPIRE Geoportal
(INSPIRE, 2020), where a great collection of open-source data can be
found. In summary, we employed nearly 6 million cadastral polygons
overlaid more than 20 urban areas in Czechia (number of polygons:
24674; Geoportal CUZK, 2020), France (number of polygons: 4654887;
ETALAB, 2020), Belgium (number of polygons: 629407; SPF FINANCES,
2020), Spain (number of polygons: 531204; IDEE, 2020) (Fig. 2.).

The first stage of the data manipulation was to harmonize the
geographical coordinate reference systems of the distinct GIS data
sources. Of the 502 raster tiles, we filtered out those layers that had no
overlap with the cadastral data. After simultaneously merging raster
layers, spatially joining cadastral polygons and combining these files
into one common virtual layer, zonal statistics calculations were per-
formed to compute the mean P values for grid cells covered by building
cadastre polygons (Fig. 3.).
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Fig. 2. Location of urban areas from which the building cadastre
were collected.

The mean P was finally found to be 60%, with a standard deviation of
18%. By considering P > 60% values as an indicator for building
occurrence in each pixel of GHS-BUILT-S2 tiles, a supervised raster
classification was carried out to extract the global spatial distribution of
building footprints. The classification followed binary logic during
which the pixels were classified into zeros and ones, depending on their
predefined P values (0: P < 60%; 1: P > 60%). The classified raster layers
were then joined with the shapefile of worldwide countries.

As during a former step, we executed a zonal analysis again to sum up
the values of classified pixels for each country. In this sense, the
aggregated country-level values represent the number of cells with
buildings in the countries. Finally, the summed numbers were translated
to building footprint areas by taking their product with the area of pixels
(100 m?).

The conversion of building footprint to total roof area was depended
on the shape and tilt angle of rooftops. Since it is problematic to capture
the inter- and intra-regional distribution of these geometric attributes of
buildings on global scale, we made certain simplifications. First, it was
assumed that all pitched roofs (defined with tilt angle >10°) must be
gabled that is one of the most common roof types globally. Based on the
study of Byrne et al. (2015), the ratio of flat and tilted roofs was
considered to be 25% and 75% for single and multifamily buildings.
Besides, the rooftops of commercial and public building types were
classified as flat. In addition to these assumptions, we hypothesized that
the 75% of single and multifamily rooftops must have such tilt angles
that provide the highest solar energy income over the year. The
geographical dependence of the optimal tilt angle () was calculated
with the polynomial equations proposed by Jacobson and Jadhav
(2018):

Brorri = 1.3793 + ¢[1.2011 + o(—0.14404 + 0.000080509¢)] (2a)
Bsourn = — 041657 + p[1.4216 + (0.024051 +0.00021828¢)] (2b)

where ¢ is the latitude in degrees, PnorTr and Bsoury is the optimal tilt
angle in the Northern and Southern Hemisphere in degrees. Given that
most modeling areas have remarkable latitudinal extension, a mean
value was assigned to each region.

The relative occurrence of the building types (f) was determined in
the function of roof to floor ratios (rroof to floor; T@ble S2.) and floor areas
(FA) as follows:

FA,,,

Firo = Troof 10 foorsy eemid ®3)
" FA,

where t, r and p indices refer to a given year, region and building type,
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Fig. 3. Combined GHSL raster and cadastral polygons over Granada, Spain.

respectively. As it is documented in Petrichenko et al. (2019), the BISE
transfers the FA values from the 3CSEP-HEB model (Giineralp et al.,
2017; Urge-Vorsatz et al., 2012; Chatterjee et al., 2022).

In the light of the building footprint area, f and the mean p values, we
calculated the total roof area for each building type and region by
considering elementary trigonometry. The total roof area were then
reduced to obtain the area that is applicable for installing PV/T collec-
tors. As a reducing term, we employed the so-called utilization factor
(Ug; Romero Rodriguez et al., 2017). The U is composed of many co-
efficients to account for area reduction by shadowing (Cgy; Kurd-
gelashvili et al., 2016; Romero Rodriguez et al., 2017), protected areas
(CproT), construction areas (Ccon; Byrne et al., 2015), service areas (Cga;
Byrne et al., 2015), azimuth (Caz; Wiginton et al., 2010), slope angle
(Csp), panel separation (Cgcr; Romero Rodriguez et al., 2017) and
occurrence of other solar panels/collectors (Cpy/Cry). The majority of
the coefficients were predicted based on the related literature
(Table S5.). Other coefficients were derived by respecting simplifica-
tions for the shape and tilt of rooftops. Considering only a south-facing
gable roof, only 50% of the total roof area is suitable for solar panel
installation, therefore C5z was set to 0.5. In our study, Cgy, expresses the
annual influence of using one fixed p for each region on rooftop area
availability. Hence, the larger the region, the more significant the
overall decreasing effect. It is also important to mention that no pro-
tected rooftops were assumed within the projected building stock
(Cprot = 0). Furthermore, the Csyy excludes possible shading from sur-
rounding tall buildings and trees.

In the last step, the available roof area (RA,yailable) Was calculated in
a given year (t), region (r) and for a given building type (p) with the help
of the RA and Uy in the following way:

RAuaitabie,,, = RA:, 15U, @

The RA estimated earlier from the GHSL layer was regarded as an
initial value for the first simulation year (RAgp22). The temporal dy-
namics of the RA until 2060 relied on the trends of the FA values of
3CSEP-HEB model (Chatterjee et al., 2022). More precisely, the RAzg22
was upscaled or downscaled through the growth or shrinking of the FA
by:

FA,,
FA1rp

RA ., = ‘RA2022,1.p )

As Equation (5). indicates, when FA;, > FAy1, the RA;, has an
increment as compared to the previous year, otherwise the term on the
right-hand side is lower than 1. Once RA;, was computed, it was
substituted into Equation (4). for each year.

3.4. Technological choice

PV/T systems have been developing continuously in recent years,
therefore it was highly important to inspect and specify the most rele-
vant technology-specific modeling variables of PV/T collectors and to
update the initial parameters of the previous versions of the BISE. The
main goal was to consider the most efficient residential PV/T collectors
and apply them on all building rooftops without analyzing the differ-
ences of their economic return across the regions.

In order to examine the performance of the state-of-the-art PV/T
systems, we reviewed the model specifications of more than 20 PV/T
collectors produced or distributed by the largest manufacturers. From
the different measures detailed in the data sheets, we focused mainly on
the electric and thermal efficiency of PV/T collectors, temperature co-
efficient for the system’s efficiency, inverter’s efficiency and nominal
power (Table S3.).

Due to the permanent technological innovations, the electric effi-
ciency (Nelec) €xceeds 20% nowadays, with a maximum of 21-22%. The
thermal efficiency (nry) generally shows higher discrepancies between

Table 1
Technological attributes of PV/T modules used in the analysis.

Variable Dimensions of PV/T modules

Cell type

Heat exchanger material

Ppax — Nominal power

1y, elec — Nominal electric efficiency
#r, TH — Nominal thermal efficiency 63.3% (DUALSUN, 2021)

Pp — Nominal temperature coefficient —0.34%/°C (DUALSUN, 2021)
Liscet — Miscellaneous losses 10%

m — Flow rate of fluid 0.027 (DUALSUN, 2021)

monocrystalline Si

copper

375 Wp (DUALSUN, 2021)
21.6% (TRIPLE SOLAR, 2021)
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different products, ranging between 60% and 70%. In this study, the
reference for neec and nry were set being equal to 21.6% and 63.3%
(Table 1.). For the temperature coefficient (,), determines the depen-
dence of electric efficiency on cell temperature, the lowest (i.e., the
optimal) value was found to be around —0.35%/°C. Given that the
reviewed PV/T products are characterized by only slight differences
(=~0.05%/°C) in p,, we applied, therefore, —0.35%/°C for this input.
Nowadays the efficiency of collectors in converting direct current (DC)
to altering current (AC) (nny) seems to be mostly well above 95%. Ac-
cording to the study of Clean Energy Reviews (2021), the efficiency of
the most developed micro inverters can be as high as 98% or slightly
above. The nyy is predicted directly by BISE’s algorithm (see Section
3.5.), so that the abovementioned values were only taken as references.
The peak (or nominal) power (Pyax) can be converted by the inverter
and later transferred to the grid or consumed directly was maximized at
375 W in the current analysis.

All technology-specific variables and their corresponding assump-
tions used during the modeling activity are summarized in Table 1. We
hypothesized a “theoretical” PV/T collector with monocrystalline-Si
cells, which currently has the largest market share due to its cost-
effectiveness, high efficiency and constantly developing engineering
(Gul et al., 2016). This collector was considered to be cell-optimized,
integrated with flat plate collector and copper absorber, covered by
antireflective tempered glass and uses the mixture of water and glycol as
working fluid. It must be noted that two compromises were made due to
the modeling design. Firstly, the degradation of solar collectors was
disregarded, since the 39-year analysis period is slightly higher than the
typical life cycle of PV/T modules. The other simplification, secondly, is
related to the future progress of the PV/T technology that is extremely
uncertain, therefore the technology-related inputs shown in Table 1
were kept unchanged during the modeling era.

3.5. Computation of solar energy supplied by PV/T collectors

The comprehensive set of algorithms used for calculating the thermal
and electric energy generated by the theoretical PV/T system includes
some of the methodological aspects applied in other previous studies
and in the older version of the model (Homerenergy, 2021; Mainzer
et al.,, 2017; Mangiante et al., 2020; Petrichenko, 2014; Petrichenko
et al., 2019). The strength of this particular algorithm is that it requires
only easily obtainable and reproducible input data for meteorological
and technological measures. The most important steps of the imple-
mented calculation process of the BISE model are presented in the
Supplementary Material.

4. Results and verification

In this section, we focus on presenting the spatiotemporal changes in
the technical potential of the simulated solar electric and thermal energy
supplied by PV/T collectors across regions and on the rooftops of
different building types. For better understanding the expected trends of
the PV/T potential, we found important to show the outcomes of GIS-
based estimations carried out for the variation of building rooftop area
availability during the modeling period. Albeit the model has very fine
spatial resolution, we generally preferred to aggregate the data for re-
gions and yearly time step for an easier interpretation. However, to have
a more insight on the daily and inter-seasonal characteristics of solar
energy production, results at hourly and monthly temporal resolution
are also presented. In the following, the total PV/T energy output is
divided by energy forms and so the results for the thermal and electric
energy supply are shown separately to better investigate the areal dif-
ferences in the solar energy utilization of rooftop PV/T collectors.

4.1. Estimated changes of building rooftop area availability

The estimated regional total rooftop area values vary between 3 and
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70 billion m? in the first year of the simulation period (Fig. 4.). In other
words, there is a difference of about 23 times in thus factor between the
CPA and EEU regions, typified with the largest and smallest RA di-
mensions. By contrasting the proportion of the calculated total roof
areas to the total land area of the regions, informative regional urban-
ization levels can be quantified. This ratio, for example, is 60%o and 38%o
in the CPA and PAS regions, while it remains only around 3%o and 10%o
in the AFR and FSU regions. This implies that the building coverage and
thus the degree of urbanization were found to be much higher in the
former regions than in the latter ones. Practically it means that in re-
gions with more intense urbanization, there are larger energy needs (due
to higher and more concentrated population density) and more favor-
able infrastructure potential (e.g., more developed grid system or higher
accessibility to the grid) for efficiently harnessing the available solar
energy on rooftops rather than occupying multifunctional land
resources.

Since the BISE model (via the 3CSEP-HEB model) estimates an
extending building stock (i.e., ongoing urbanization) towards 2060
across the regions, it is manifested in an increasing trend in the total RA
during the modeling period (Fig. 4.). A fundamental rule-of-thumb of
this growth is that the dynamics are usually lower in the regions, where
the predicted RAypy2 values are initially higher (e.g., NAM, CPA and
WEU). For instance, the annual growth in the WEU region was predicted
to be around 0.25 billion m?/year, while this value exceeds 1.2 billion
m?/year for the LAC region. Similarly high RA increases are observable
in the MEA and PAS for which mean annual growths of 1-1.1 billion m?/
year were found. As a consequence of the outlined trends, the CPA, LAC
and NAM regions are characterized with the RA maxima by the end of
the modeling period, with related values of 122, 62 and 46 billion m?,
respectively.

For estimating the solar technical potential on building rooftops, the
available roof area (RAavailable) is of much more importance than the RA.
Based on Equation (4)., the RAayailable is calculated by multiplying the
RA with the Ug. Given that values between 28 and 31% were assumed
for the Up (Table 2.), approximately one third of the total RA was
considered to be suitable for the installation of PV/T collectors during
the modeling activity. The heterogeneous values of the U summarized
in Table 2 are influenced, in foremost, by the shares of the different
building types. Secondly, their heterogeneity stems from the tilt and
shading factors, more pronouncedly in the higher latitudes. As the ratio
of commercial/public buildings with more frequent flat roofs is expected

B Total
£20 M Suitable

Roof area [billion m’]

AFR CPA EEU FSU LAC MEA NAM PAO PAS SAS WEU

Fig. 4. Estimated total roof area and suitable building rooftop area [in billion
m?] for solar panel’s installation by regions in 2022 (columns on the lefts) and
2060 (columns on the rights).
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Table 2
Estimated regional values of utilization factor in the starting and ending year of
the modeling period.

Region Ur 2022 Ur 2060
AFR (Sub Saharan Africa) 0.29 0.25
CPA (Centrally Planned Asia) 0.28 0.28
EEU (Central and Eastern Europe) 0.31 0.31
FSU (Former Soviet Union) 0.28 0.28
LAC (Latin America) 0.26 0.26
MEA (North Africa and Middle East) 0.28 0.28
NAM (North America) 0.28 0.28
PAO (Pacific OECD countries) 0.29 0.28
PAS (Other Pacific Asia) 0.30 0.30
SAS (South Asia) 0.28 0.25
WEU (Western Europe) 0.28 0.28

to increase in most regions (will be discussed later; Table S6.), therefore
a small decrease in the Uy can be anticipated (especially for low latitudes
due to high Cgcr) by the end of the simulation period (Table 2.). In
another interpretation, the solar installation potential per 1 m? may be
slightly lower by 2060, due to the changing structure of building stock.

Due to the presented Ur 2060 values and the explicit connection be-
tween the RA and RA,yailable, the highest installable rooftop area can be
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expected by 2060 in the CPA, LAC and PAS regions (36, 17 and 14 billion
m?, respectively) (Fig. 4.). In the meantime, the lowest RAyyajlable WeTe
projected for the AFR (4.75 billion m?) and EEU (1.2 billion m?). In
relative sense, the CPA, LAC and PAS have the contributions of 28%,
13% to the aggregated global RA,yailable, respectively. Regions with the 4
smallest areas, on the other hand, are expected to account for only 15%
of the global value.

4.2. Estimated changes of technical potential for solar electric and
thermal energy production

In addition to the RA,yailable, the geographic exposure of solar col-
lectors is also a crucial component in determining the technical potential
of rooftop PV/T energy production, as underlined by the modeled en-
ergy output supplied per 1 m? of solar collectors (Eg, output and ET output)
(Fig. 5.). The Ety ourpur, generally, is the most significant in regions with
large fraction of areas around the Subtropics, where the geographical
potential of solar energy is the highest on the Earth. The regions with
substantial Ety output include the PAO (544 kWh/mz), SAS (541 kWh/
m?), LAC (501 kWh/m?) and MEA (497 kWh/m?). The potential for Egy,
output depicts slightly different spatial patterns than that of for the Ery
output- The highest potentials of PV/T collectors for electricity production

Potential of annual solar electric energy supply

Energy supply [kWh/m?]

150 180 210

240

|

270 300 330

Potential of annual solar thermal energy supply

Energy supply [kWh/m?]

200 280 360 440

520

600 680 760 840

Fig. 5. Mean potential of PV/T energy production (for electric energy on the top, for the thermal energy on the bottom; in kWh/m?) on 1 m? of the available building
rooftop area. Due to data lacking, values for latitudes beyond 66.5° were not illustrated.



G. Molndr et al.

were determined for the MEA (294 kWh/mz), PAO (286 kWh/m?) and
SAS (267 kWh/mZ). Comparing the inter-regional electric and thermal
potentials, the largest gap between the Egy, outpur @nd Egr oupur OCCurs in
the LAC and PAO (i.e. more favorable circumstances for supplying
thermal energy), which is related to Egy, ouput the high frequency of the
(warm) climate zones within the region and hence to the frequent epi-
sodes with overheated PV/T cells.

Based on the results shown in Fig. 5., the SAS (715-1215 kWh/mZ),
PAO (525-1215 kWh/m?) and MEA (810-1170 kWh/m?) regions can be
characterized by the highest combined PV/T potential for electricity and
thermal production. However, there are also many “hotspots” in other
regions (e.g., Southeastern part of the USA in the NAM or Southeast
Africa in the AFR) where the total rooftop PV/T potential may be sub-
stantially large (i.e., above 1000 kWh/mZ).

Due to the outlined characteristics for roof parameters and
geographical potentials at Figs. 4 and 5., the technical potential of solar
electricity supply (Egr, total supp) Was modeled to be in a range between
0.2 and 5.5 PWh in 2022. By comparing Fig. 4 and Table 3., the strong
dependence between the RA,yajlable and the Egy, total supp Magnitudes can
easily be identified. It results in that the technical potential is charac-
terized by its regional maxima in the CPA, NAM and LAC for the
beginning of the modeling era.

As it was emphasized earlier, the (solar) climate of different
geographical areas, additionally to the RA,yailable, iS considered as an
important component in driving the technical potential of PV/T energy
production, although this factor may have lower importance as
compared to the RA,yailable- TO shed a little more light on this sensitivity,
the difference in the RAavailable between the AFR and CPA is used as a
reference, which was estimated to be about twelvefold for the base year
of 2022. Meanwhile, the difference in the Egy, otal supp is only tenfold,
meaning that the higher average annual radiation income received by
the AFR (and other) region(s) can slightly compensate the sparser roof
area availability via the substantial Ety output-

Nevertheless, due to the primary relevance of the RA,yailable and the
related variations depicted in Section 4.1., the most noticeable changes
in the Egy, total supp can be expected in the developing regions (e.g., LAC,
PAS and MEA) between 2022 and 2060. On annual basis, these changes
were predicted to be 90 TWh/year in the LAC, 60 TWh/year in the MEA
and 50 TWh/year in the PAS. As a result, the Egy, total supp could remain
relatively inhomogeneous among the regions by 2060, reaching their
maxima in the CPA, NAM and LAC, with 9.7, 6.0 and 4.5 PWh,
respectively (Table 3.). The most restrained potentials, on the other
hand, are expected in the EEU (0.24 PWh) and AFR (1.28 PWh) where
either the geographical (climatic) or the utilization potential of solar
collectors may be reduced.

Since the differences in PV/T solar energy supply between regions
and the subsequent temporal changes during the simulation period are
shaped chiefly by the RAayajlable, similarly to the Egp, total supp» the highest

Table 3
Annual technical potential of modeled solar electric and thermal energy pro-
duction [in PWh] of PV/T collectors by regions for 2022 and 2060.

Region Electric Thermal

2022 2060 2022 2060
AFR (Sub Saharan Africa) 0.56 1.28 0.91 2.11
CPA (Centrally Planned Asia) 5.52 9.73 9.48 16.51
EEU (Central and Eastern Europe) 0.20 0.24 0.24 0.28
FSU (Former Soviet Union) 0.92 1.40 0.90 1.39
LAC (Latin America) 1.95 4.50 3.77 8.76
MEA (North Africa and Middle East) 1.20 3.40 2.02 3.80
NAM (North America) 231 6.00 2.61 6.73
PAO (Pacific OECD countries) 2.03 2.53 3.85 4.83
PAS (Other Pacific Asia) 1.19 3.30 2.34 6.51
SAS (South Asia) 1.07 2.19 2.14 4.38
WEU (Western Europe) 1.09 1.91 1.22 2.13
TOTAL 18.04 36.48 29.48 57.43
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ETH total supp iS also seen in the CPA (9.5 PWh) for 2022. Though the
projected RAavailable is lower in the PAO in contrast with the NAM re-
gion, the thermal output was found to be about 50% higher in the earlier
region (PAO: 3.8-3.9 PWh and NAM: 2.6 PWh). This is related to the
geographical exposure of the NAM that has subpolar territories (e.g.,
Alaska), where the annual magnitude of Iror, it and thus convertible
solar energy is limited throughout the year.

As the inter-annual variability of Itor, ti1r was estimated to be insig-
nificant over the analyzed years, the yearly dynamics of Ety total supp are
almost exclusively influenced by the RA,yailable- AS a result, the largest
increases are seen again in the CPA (180 TWh/year), LAC (120 TWh/
year) and PAS (110 TWh/year) regions, while the smallest annual
changes were modeled for the EEU (1.2 TWh/year) and FSU (13 TWh/
year), being well below the predicted mean global growth of 70 TWh/
year. Due to outlined tendencies, the technical potential of rooftop Etyg
total supp could expand to be between 0.28 (EEU) and 16.5 PWh (CPA) by
2060 (Table 3.).

Table 3 highlights that, as a direct consequence of the more efficient
conversion of irradiance into thermal energy (i.e., higher nry than nejec),
the technical potential of solar thermal energy production is about the
double that of electricity production in most regions. Also, the E7y total
supp Seems to be much more sensitive to the Itor, (i: than the Egp, output-
This can be underlined by the comparison of Egy, total supp @8nd ETH total supp
in climatic point of view. The difference between these two types of
energy outputs is twofold for regions with lower latitudes and abundant
radiation (Itor, ti1r > 2000 kWh/m?) (e. g., the PAS, SAS and MEA), while
this gap is reduced to only 5-10% in the FSU or EEU (Itor, i1t < 1500
kWh/m? and low T¢ variability). In fact, this phenomenon can be
explained with the thermal attribute of silicon cells. When Itor, ¢ is
high (in areas with warm and dry climate), the solar cells are exposed to
enhanced radiation income and more frequent episodes of high T,
related to collectors being located under cooler and moister climate. In
the first case, consequently, the electric efficiency of the system drops
but an increased amount of heat is absorbed by the transfer fluid of the
PV/T collector. In the second case, however, the T, is usually lower,
hence the electric efficiency remains relatively high and less thermal
heat is channeled into the system.

4.3. Estimated shares of technical potential for solar energy supply
between building types

In order to explore how the Epy,T total supp (i-€., the sum of Egy, total supp
and Ety total supp) is distributed among building types, their regional
values were disaggregated by employing the respective regional shares
of RAgvailable (Table S6.). Of the seven analyzed building subcategories,
single family buildings were projected to account for about 50% of the
global technical potential of Epy,T total supp (24.8 PWh) in the first year of
the investigation period (Fig. 6.). The share of multifamily and com-
mercial/public buildings in the Epy,T total supp is predicted to be 31%
(13.5 PWh) and 19% (9.3 PWh). The maxima of the modeled Epy,T total
supp at single family buildings, due to their high absolute and relative
RA,vailable Values, occur in the CPA (8.2 PWh) and NAM (3 PWh). For
similar reasons, the dominance of the CPA region is also observed for the
other residential and the tertiary building types, too (multifamily: 3.5
PWh and commercial/public: 3.4 PWh). As a result of the second largest
suitable rooftop space in the PAO for multifamily buildings, the highest
local production was predicted for this class by 2.3 PWh. For commer-
cial/public buildings, the simulated potentials are nearly homogeneous
spatially after the CPA, indicated by having Epy,T total supp around 2 PWh
in several regions (LAC: 2.3; PAO: 1.8; NAM: 1.5 PWh).

Although Table 3 suggests that the aggregated Egy, total supp and Ety
total supp are characterized by year-to-year increases, Epy,T total supp ShOWS
decrease within several regions for some building types over the simu-
lation period (Fig. 6.). This negative trend generated by the decreasing
share of a given building type is specifically tied to single family and
multifamily buildings. For single family buildings, in fact, two separate
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Fig. 6. Estimated annual PV/T technical potential of solar energy production
[in PWh] by regions and building types for 2022 (columns on the left) and 2060
(columns on the right).

trends are noticeable. For developed regions (e.g., NAM, PAO, WEU and
EEU) and for the CPA, the technical potential may slightly decrease by
time, while for developing regions (e.g., LAC, PAS and SAS), an opposite
trend was predicted, due to the (faster) expansion of the associated
building stock. The share of technical potential at multifamily buildings
shows shrinking exclusively in the PAO region. These changes for the
shares of residential buildings are strongly connected to building stock
estimations implemented from the HEB model (Chatterjee et al., 2022)
(Table S6.).

By 2060, the Epy,T total supp Was estimated to have the following
distribution between the building types: single family buildings: 31.5
PWh (31%), multifamily buildings 18.7 PWh (21%) and commercial/
public buildings 39.8 PWh (44%) (Fig. 6.). This suggests that the (faster)
growth in the number of commercial/public buildings leads to an in-
crease in the associated RAayailables Which, in some regions (e.g., CPA,
WEU and PAO), results in larger RAyyailable (and technical potential) as
compared to residential buildings. Within the tertiary category, the
“offices” and “retails” appear to be the most favorable in terms of solar
energy generation by 2060. The contribution of “offices” to Epy,T total
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supp Was projected to vary between 1 and 15% of the total building stock.

For having an even more complete picture on the ability of a given
building type in generating solar energy on rooftops, we took also the
vertical characteristics of the buildings (e.g., number of floors or height)
into consideration and have calculated the solar production per 1 m? of
floor area of the building (Epy,T total supp*)- Note that this parameter
depends significantly on the region and building type dependent ryoof to
floor (Table S4.) and can be a well interpretable measure in energy
supply-demand comparison. Due to the limited vertical extension (i.e.,
low number of stories), the Epy,T total supp® Was estimated to be the
largest for single family and (commercial/public) retail buildings, with
around 119.7-642 and 92.8-746.7 kWh/m? (Fig. 7.). Multifamily and
(commercial/public) office buildings estimated to be with 7-11 stories
on average, can be found on the other side of the spectrum (MF:
11.2-299.3 kWh/m?; C&P Offices: 5.2-210.9 kWh/m?). Consequently,
unlike at high-rise buildings, the application of PV/T collectors on
horizontal surfaces of low-rise tertiary buildings has always the highest
potential, regardless of the analyzed region. Presumably, this dichotomy
may have a reverse impact on the ability of these building classes in
balancing the local consumption with the energy generation of rooftop
PV/T systems.

4.4. Temporal variation of PV/T solar electric energy supply across
regions

Because of the geographical dependence and substantial temporal
variability of solar radiation, there are very diverse intra-annual profiles
of the technical potential of PV/T energy production across the regions.
It can be concluded that the simulated shapes of the representative
curves for the Ety outpur and Egr, ourput are in a robust connection with the
annual magnitudes of the solar irradiation (Fig. 8.), as it was partly
discussed at Fig. 5. Analyzing first the annual variability of the Ety output,
the highest peaks are outlined in the SAS (146.7 kWh/m?) and PAO
(156.9 kWh/m?) regions. The simulated Ety output Curves, except for the
MEA and SAS regions, show two maxima over the typical year. In the
AFR and PAS, for example, the highest Ety outpur can be observed during
the solar equinoxes (end of March and September). In the LAC and PAO,
on the other hand, outstanding values were estimated to be rather in late
December/early January. In the mid-latitude regions (e.g., NAM, WEU
and EEU), the maximum occurs in May and September, as thick
convective (cumulonimbus) clouds dampen the irradiance frequently
during the summer months. Presumably, the opposite reason could have
led to the balanced (single-peaked) summertime maximum in the MEA.
In the SAS, the single peak in spring can be explained by the long-lasting
monsoon period. In summary, the regional differences in the inter-
annual variability of Ety output S€em to be proportional to the number
of seasons. Hence, considerable variability is outlined for the CPA (96.6
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over the analyzed period.

kWh/m?) and NAM (91.8 kWh/mz), while the lowest fluctuations were
sigmlated for the PAS (AEtH outpur: 15.9 kWh/m?) and AFR (13.3 kWh/
m~).

The temporal peaks (FSU: 78.6 and NAM: 77.3 kWh/m?) and annual
fluctuations (6.7-59.2 kWh/m?) of the Eg, output Were estimated to be
lower related to the Ety output (Fig. 8.). It is also a noticeable charac-
teristic, as already pointed out in Section 4.2., that the difference be-
tween the two types of energy productions could be smallest in the FSU,
NAM, EEU and WEU. On the top of that, during cold winter days without
cloud coverage and snowfall, the Egy, outpur Was simulated to overcome
the ETg outpue in these regions.

Since the inter-regional profiles of the Ety outpur and Egr, ourpur are
highly varying over a shorter frequency than a year (especially at mid-
latitudes), it is relevant to inspect the corresponding profiles on daily
basis. To do so, we selected two climatically and astronomically
important days (e.g., winter solstice — 12. 21. and summer solstice — 06.
21.) of a randomly picked year (Fig. 9a. and 9b.). In general, the
modeled daily profiles are described by spreading bell-shaped curves,

AFR CPA EEU

with a peak around the local noon and with a rising (falling) phase in the
morning (afternoon). Moreover, the daily dynamics of the Ety output are
undoubtedly much more intense related to that of the Egy, output, Which is
manifested in a rapid uptake (declining) period in the morning (after-
noon). The summer solstice day illustrates that, although there is winter
in several regions on that day (parts of predominantly South Hemi-
spheric regions; e.g., LAC or AFR), the magnitude of Ety outpu can still be
about the same or slightly higher in the LAC and AFR as compared to the
respective values in the EEU or in the FSU (Fig. 9a.). The Egp output
however, has always higher values in areas with real summer condi-
tions. Being in line with monthly profiles, the electricity output is of a
ususal indominance over the thermal yield, with an exception around in
the beggining of and at the end of the daytime.

Whilst the Eg, outpur Was estimated to be higher than Ety output 0nly
around sunset and sunrise on 21st June, this was found to come about
during most of the daytime hours on 21st December in the WEU, EEU,
FSU and NAM regions. This “crossover”, caused by low sun elevation
and irradiance, is restricted to the middle and high latitudes, so that the
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ETH outpur Was simulated to be still higher during the winter solstice at the
lower latitudes. It is known that as the solar altitude decreases, the path
travelled by sunlight and the ratio of diffuse to direct radiation are
increased. Therefore, Fig. 9a and 9b can be interpreted as that where the
proportion of direct radiation is higher on a given day (e.g., AFR, PAO,
LAC), the T¢ of the PV/T collector is elevated, hence more waste thermal
energy (more Ety output) is being generated. On the other hand, where
the radiation is more scattered and attenuated (i.e., higher latitudes and
winter months), the magnitude of Ety ougpue is smaller, although this
amount of radiation is still suitable for being converted to electric
energy.

Nonetheless, it is important to note that the model does not take the
snow, leaf or mud coverage of PV/T collectors into account, so that the
real wintertime Ety total supp @nd EEL total supp in cold areas may be lower
than the simulated values. Moreover, due to the large longitudinal and
latitudinal extension of the regions and the significant variability of the
solar irradiance, the respective diurnal profiles in some sub-regions
might be different due to site-specific environmental conditions.

4.5. Model verification
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building raster layers. By using finer resolution LIDAR data for the US,
Margolis et al. (2017) estimated a useful area on the rooftops to be 4922
million m2. Although the North American region also includes Canada in
the BISE, the RAavailable Was projected to be 4795 m? in our analysis,
indicating also some underestimation. For China, on the other hand, we
found a larger value as compared to that published in the study of Grau
et al. (2012). Therefore, no clear tendency of over- and underestimation
is outlined based on this inherently constrained comparison.

4.5.2. Technical potential of rooftop solar energy production

Since there are no estimations of PV/T energy production on global
scale to best of the authors’ knowledge, we can only validate the
modeled Egy, total supp values against the results of global and regional
studies designed for quantifying the technical potential of rooftop PV
panels. As Table 4 indicates, the simulated technical potentials of the
corresponding electricity generation in the reviewed investigations

Table 4
Comparison literature estimations of the technical potential of solar electric
energy supply.

4.5.1. Total and available roof area Study Region  Temporal Estimation Estimation Estimation
o . . . lidit by cited b i b
According to our analysis, the total roof was estimated to be about ‘(’a; o o Y DIy - 2
. ) . . X other < study BISE [PWh] upgraded
220 billion m* and around its one third can be suitable for solar energy current [PWh] BISE [PWh]
harness with PV/T collectors. In general, the roof area availability was study)
found to be largest in the most urbanized areas (e.g., CPA and NAM) Hofman Global 2020 < 7.70 5.16 18.04
where the building stock is well extended. The dynamics of the (total et al. AFR 2022 0.66 0.60 0.56
and available) roof area were relied on the reference roof area data (i.e., (2002) LAC 0.78 0.40 1.95
the one derived from geospatial sources) as well as regional population - ZIIE‘]? L 2004 2‘23 (7);5 1;3284
e . 2 0ogwij obal - X . X
(UZN, 201 6.3), G!)P (OECD, 2021) and specific floor area (.1n m“/person or (2004) EEU 2022 010 0.08 0.20
m*“/$) estimations from the 3CSEP-HEB model (Chatterjee et al., 2022). MEA 0.30 0.22 1.20
Since the projection of these socio-economic parameters has its meth- FSU 0.20 0.18 0.92
odological limitations, the estimated shares of residential and tertiary NAM 1.10 0.80 2.31
rooftops include certain uncertainties WEU 1.10 0.42 1.09
< ’ . Joshi Global 2020 < 27.51 7.20 18.04
Although the validation of our results for the total and available roof et al. EEU 2022 0.65 0.08 0.20
area cannot be complete (e.g., very different regions of interest), the (2021) LAC 0.80 0.40 1.95
related magnitudes seem to be in line with other references from the MEA 0.46 0.22 1.20
literature. For the European Union, for instance, Bodis et al. (2019) yv:hg ‘2‘;‘;5 g'ig f‘zé
found the RA yaijlable to be argund 7935 million m“. This value is shg.htly Bodis WEU 2016 0.54 0.42 1.09
larger than that of the sum in the BISE for the WEU and EEU regions et al. EEU 2022 0.14 0.08 0.20
(5632 million m?). Because of the similarities of the methodologies, this (2019)
could be the consequence of the different threshold value applied for the
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seem to be fairly diverse, having a range between 6 (Hoogwijk (2004) to
27.51 PWh (Joshi et al., 2021). Therefore, the 18.04 PWh of electric
output given by the upgraded BISE model is in the upper end of this
scale.

The differences among the results are presumably related to the
dissimilar target periods, rooftop area approaches and technological
measures. Since the technology of the solar panels has improved dras-
tically in the recent years, the earlier studies projected the lowest energy
supply, due to the lower electric efficiencies and nominal powers of their
hypothesized system. In Hoogwijk (2004), for example, the ng, was set
to 14%, which has been remarkably exceeded over the years by the
current state-of-the-art PV panels. Another explanation for the lower Eg,
total supp values in Hofman et al. (2002) and Hoogwijk (2004) may stem
from the preference of less accurate empirical (or statistical) assump-
tions for the RAa) in contrast with more reliable GIS-based methods.
On the other hand, it is a common feature of the reviewed modelling
assessments that they all calculated the largest technical potentials for
the North American (e.g., USA), East Asian (e.g., China) and European
(e.g., Germany) countries.

If the simulation of the upgraded BISE model and the one of the most
recent global study (Joshi et al., 2021) is compared, it can be concluded
that they predicted around 9.5 PWh larger values for the Egp total supp
than that of in our analysis (Table 4.). This 52% difference, however, is
attributed to that Joshi et al. (2021) hypothesized the U to be 1 (all
rooftop area is covered with solar systems), while we considered values
between 0.28 and 0.33 for this variable. Nevertheless, they offset the
high RAavailable With very low ngp, (Joshi et al., 2021: 10%,; this study:
21.6%). Despite the different GIS approach employed in their analysis
for deriving building geometry (i.e., machine learning method based on
road length, population, built-up area boundaries and building foot-
print), the estimated RAy, Vvalues indicate a great agreement (Joshi
et al., 2021: 193 875 km?; this study: 217 187 km?). It underlines,
therefore, the essence of the choice of the Ur in shaping the final result
for the Egr total supp-

Similar conclusion can be drawn based on the comparison of the
estimations produced by the previous and the upgraded version of the
BISE model. Table 4 shows that there is about a threefold difference in
the Egp, toral supp between this analysis and the one presented in Pet-
richenko et al. (2019). Being the results of the outdated BISE in the same
cluster as Hofman et al. (2002) and Hoogwijk (2004), it is assumed that
our latest results could better capture the current rooftop potential for
solar energy production as a consequence of the fine-tuned input data
for rooftop geometry, meteorology and technology. Regionally, certain
uncertainties may persist in the new methodology. For example, such
bias is observable for the African region where the magnitude of the Egy,
total supp Femained in the same extent in spite of the more developed solar
collector’s metrics assumed in this study.

5. Discussion

This study demonstrated the future technical potential of building
rooftop energy production of PV/T collectors by using the BISE model at
global and regional scale. The modeling of building-integrated solar
energy production is a crucial step to understand the feasibility of net-
zero buildings that can play a vital role in decarbonizing the entire
building sector across the world. This modeling task involved several
challenges, including data collection, synthetization and optimization
for the purposes. One of the key was to derive the cardinal inputs for
total and suitable roof area. In doing so, the main priority was to produce
this data with the same input and methodology for all regions.

As the building coverage represented by the GHSL pixels can be
spatially very diverse, the number of building cadastre invoked to
determine the probability of occurrence of buildings (P) has a crucial
role in the retrieval of the final P. Although we tried to maximize the
number of polygons (close to 6 million) from urban areas with different
size and structure, we presumably underestimated the potential location
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of building footprints and obtained varying accuracy across the regions.
The accuracy was also influenced by the resolution of the raster layers (i.
e., 10 m), which inherently filtered the smallest buildings out from the
analysis. Many studies have used alternative, remotely sensed data (e.g.,
LIDAR; Brito et al., 2012; Margolis et al., 2017) to extract building
footprints, however, it is easily considerable that this method would not
be fully applicable to the global distribution of the entire roof surface.
Another alternative for that would have been, with major areal simpli-
fications, the automated detection of buildings with the help of easily
accessible datasets (e.g., Google Street View; Kang et al., 2018).

In the estimation of the U, the greatest challenge was to give a
proper approximation on the tilt angle of the roofs. As the BISE model
was developed to determine the maximum technical potential of solar
energy generation, estimating the slope of roofs with only one ideal
angle may be a relevant assumption. However, due to the subdivision of
the regions and the construction of the methodology (see Equation (4).),
only one average tilt value was assigned to each region, which could
vanish the regional variations of roof geometry due to the large north-
south extension of the regions. Despite the methodological limitations,
overall, the values found for the Ug (around 0.3; see Table 2.) are in line
with those found in the literature: from 0.2 (e.g., Lopez et al., 2012) to
0.55 (e.g., Peng and Lu, 2013).

Beyond the approximation for the RA and RAayailable, the un-
certainties of the technical potential of Epy,T total supp might also be
related to other factors. However, it was predicted in some studies (e.g.,
Deng et al., 2015) that the potential for electricity generation of solar
panels on the rooftops could be doubled between 2030 and 2070 glob-
ally, the progress of the PV/T technology and the availability of mate-
rials for fabrication are fairly unknown. In the BISE, the expected growth
of the efficiency of PV/T collectors was taken out of consideration,
which was slightly adjusted by neglecting the degradation of solar sys-
tems (ranging typically between 0.5 and 1% per year; Jordan and Kurtz,
2013). In spatial term, the occurrence of the simulated tendencies in the
future depends mostly on how fast the developing countries become
interested in phasing out fossil energy and on how they can promote the
solar energy despite the fear of consumers from the long payback period
of installing solar systems (Shukla et al., 2017).

Even with the abovementioned limitations and owing to the con-
servative modeling approach, the BISE simulated a global Epy,T total supp
of 47.6 PWh by 2022, which means a substantial potential of building
integrated solar production. To this summed value, the contribution of
EEL total supp @nd ETH total supp Was estimated to be 29.5 (62%) and 18.1
PWh (38%). Remarkable potential can be deployed by countries in the
CPA (especially in China and South Korea), NAM (especially in the USA)
and PAO (especially in Australia). In these regions, the economic sta-
bility and the developed energy network provide a great support in
promoting solar (incl. PV/T) technologies. Therefore, clean energy
supplied by solar systems on the rooftops of the abovementioned areas
can be crucial in decarbonizing the building sector during the forth-
coming decades. Significant increase in the potential is forecast for such
developing regions as the LAC, PAS and SAS, which is in connection with
the expansion of the building stock. The realization of the potential
extremely depend on in what extent the new buildings will be regulated
to be advanced in energy efficiency and in what extent the existing stock
will be renovated and equipped with solar panels/collectors to
compensate the energy demand. To reach an optimum in using solar
thermal and electric energy for these purposes, both renovation and
increasing energy efficiency must be aided via governmental and
external subsidies. Without these incentives, there is a potential unde-
sired outcome that the growing energy demand cannot be covered
entirely by carbon-free sources. Among the regions, the AFR needs to
take the longest step to be prepared for taking advantage of PV/T
technology. Although most African countries show immerse solar po-
tential being untapped, there are obvious economic and infrastructural
constrains. The deployment of the estimated potential is predominantly
doubtful in rural areas where the connection to the electric grid is



G. Molndr et al.

limited or not possible. A feasible solution for suppressing energy
inequality would be the intense financial support of electricity and
thermal energy technologies, but due to the high prices of such tech-
nology, their application is still a challenge in more developed regions as
well.

At building level, the single and multifamily buildings were shown to
have the highest rooftop PV/T potential. Their dominance is attributed
to their highest share within the stock and low utilization factor. Our
estimation demonstrated that the technical potential will likely to in-
crease most dynamically for tertiary building types (especially for of-
fices), indicating a good agreement between the regions. To maximize
the future exploitation of the rooftop PV/T potential for residential
buildings, the owners must be made interested in investing in green PV/
T technology by overarching the initial higher costs. For tertiary
buildings, the great challenge is to select the appropriate solution that
fits well to the characteristics of the given building. For this reason, high-
rise offices can optimize their solar energy production by installing solar
systems integrated into vertical surfaces (e.g., facades) instead of
limiting the utilization on rooftops. By also considering these “vertical
solar energy generators”, the overall building-related PV/T technical
potential is even higher as compared the estimated values in our
assessment.

The EtyH total supp @nd Egr total supp iS utilizable to cover partly or
entirely the electric and thermal energy consumption of building occu-
pants associated with cooling/heating, hot water production, cooking,
lighting and the operation of electrical appliances. Nevertheless, the
demand and supply side must be in phase to avoid the usage of addi-
tional energy sources. On a yearly scale, the energy demand of most
activities, except for the cooling and heating, has minor fluctuations
(Lee et al., 2014). The heating demand is mostly limited to the late
autumn/early spring and winter months at middle to higher latitudes,
with the exception of arid areas with high temperature range (e.g., de-
serts) where, however, a negligible part of the building stock is located.
Fig. 8 showed that in certain regions (e.g., NAM, WEU, FSU and EEU)
ETH total supp Shows decline, falling to around its minimum during the
cold period of the year. This means that there may be a significant
mismatch between the production and consumption, which highlights
the importance of thermal energy storage (TES) (Heier et al., 2015). Due
to the penetration of phase change fluids, cool energy storage (CTES) has
also been gaining interest, which can further reduce the mismatch be-
tween the supply and demand side by covering the energy consumption
associated with refrigeration and air-conditioning (AC) (Sarbu and
Sebarchievici, 2018). The cooling demand of buildings is mostly related
to AC systems consuming electrical energy. It is an increasingly
observable trend that the cooling of interiors not only the problem of
regions near the Tropics, since the cooling demand and the resulting
energy use have been ramping up further north due to the climate
change (Spinoni et al., 2018). As it can be seen in Fig. 9a and 9b., the
maximum of the Egy, total supp iS concentrated on working hours, when
residential buildings have the lowest consumption during the year.
However, in commercial/public buildings (e.g., offices, retails, educa-
tional buildings) the dynamics of the demand are reversed, which helps
to obtain a balance between consumption and production at those
building types. Furthermore, it may be beneficial in areas with higher
irradiation that in the early morning and late afternoon hours, (already
and still) notable production may occur, which partially coincide with
consumption before and after the rush hours.

By 2022 the extrapolated rooftop PV production (assuming about
one third of total production taking place on building rooftops; Solar-
Power Europe, 2019) will be about 0.32 PWh (IRENA, 2021). This
production, therefore, is only the 1.1% of the PV/T technical potential
for the Egy, total supp- Due to the historical and expected trends of the
installed capacity of solar panels and collectors on residential and
commercial rooftops, this ratio will likely to be closer to the actual
technical potential in the following decades. In 2019, the electricity
consumption by residential plus commercial and services sector was
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10.9 PWh (IEA, 2021), which is 60% of the energy production can be
supplied by PV/T collectors globally. In other words, approximately two
thirds of the buildings should be covered by solar PV/T collectors to
cover the on-site building-related electricity needs. By realizing most of
the solar potential on rooftops, the competition for valuable land re-
sources could be alleviated, while applying green energy the
building-related carbon footprint could be reduced to the climate
neutral level.

6. Final remarks

This study, however, fills a scientific gap and provides insightful
modeling evidence on the enormous untapped technical potential of
solar energy production by rooftop integrated PV/T collectors, there is a
need to further promote this encouraging technology and to give widely
applicable solutions for thermal and energy storage. Since the lack of
incentives, limited manufacturing potential and long payback period
can be considered as the most burning challenges needed to be overcome
by the PV/T technology, it is also very essential to explore more of its
benefits from economic and environmental point of view.

Therefore, s a further agenda, we intend to analyze the hourly out-
puts of solar energy supply with more focus on the financial return and
CO; reduction potential of PV/T systems. Additionally, we plan the
comparison of energy production and demand at hourly scale for each of
the regions across the World to have a better perception on the net-zero
and energy storage possibilities and needs of buildings. As the flexibility
and the complexity of the BISE model allows and it could lead to even
more robust estimations, our forthcoming studies will also prioritize
simulations of solar potential undertaken at urban and neighborhood
scale and supported by very high-resolution LIDAR-based rooftop
information.
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