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ABSTRACT

The integration of liquid Photovoltaic-
Thermal (PVT) technology represents a
significant advancement in renewable energy
systems for sustainable buildings. This study
investigates the integrated design and
performance analysis of liquid-based PVT
collectors for renewable energy-enabled
buildings. The primary objective is to
evaluate the thermal and electrical efficiency
of liquid PVT systems and their applicability
in building energy management. The
research employs a quantitative experimental
methodology utilizing secondary data
analysis from existing studies conducted
between 2018-2021, examining various
liquid PVT configurations under different
solar radiation levels ranging from 500-1000
W/m?. The hypothesis proposes that liquid
PVT technology significantly enhances
overall energy efficiency compared to

standalone PV systems. Results demonstrate
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that liquid-based PVT collectors achieve
thermal efficiency of 54.6-58.64%, electrical
efficiency of 11.5-13.8%, and combined
efficiency of 65-68.4% under optimal
conditions. The integration of spiral flow
absorbers with water-based cooling systems
demonstrated superior performance at mass
flow rates of 0.041 kg/s. The findings
conclude that liquid PVT technology offers
substantial  potential for  zero-energy
buildings, reducing conventional energy
dependence by 30-40% while simultaneously
generating electricity and thermal energy for

building applications.

Keywords: Liquid PVT Technology,
Renewable Energy Buildings, Thermal
Efficiency, Electrical Performance, Building

Integration

1. INTRODUCTION

The global energy crisis and environmental

degradation have necessitated the exploration
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of sustainable energy alternatives for the
building sector, which accounts for
approximately 36% of global energy-related
carbon dioxide emissions (Fudholi et al.,
2019). Solar energy stands as one of the most
promising renewable energy sources due to
its accessibility, abundance, and
environmental friendliness. Photovoltaic
(PV) technology has been widely adopted for
electricity generation; however, its efficiency
decreases significantly with rising operating
temperatures, typically losing 0.4-0.5%
efficiency for every 1°C increase above 25°C
(Kim et al., 2021). Photovoltaic-Thermal
(PVT) technology emerged as an innovative
solution that combines photovoltaic cells
with thermal collectors, enabling
simultaneous generation of electricity and
heat from a single integrated system (Sopian
et al., 2020). This hybrid approach addresses
the fundamental limitation of conventional
PV systems by utilizing the waste heat that
would otherwise reduce electrical efficiency.
The liquid-based PVT systems, particularly
those using water as the heat transfer
medium, have demonstrated superior thermal
performance compared to air-based systems

due to the higher heat transfer coefficient of

liquids (Fudholi et al., 2014).
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The concept of integrating PVT technology
with building envelopes, known as Building-
Integrated Photovoltaic-Thermal (BIPVT)
systems, has gained significant attention in
recent years (Ibrahim et al., 2014). These
systems serve dual purposes: generating
renewable energy while functioning as
architectural elements such as facades,
rooftops, and shading devices. The
integration  approach  maximizes the
utilization of limited building surfaces,
particularly in urban environments where
space constraints limit the deployment of
conventional solar systems. Studies have
demonstrated that BIPVT systems can
provide up to 80% thermal efficiency and
20% electrical efficiency under optimal
conditions (Bandaru et al., 2021). India, with
its abundant solar radiation averaging 4-7
kWh/m?*/day across most regions, presents
exceptional opportunities for deploying
liquid PVT technology in buildings (Tyagi et
al., 2018). The country's commitment to
achieving 175 GW of renewable energy
capacity by 2022 and subsequent targets
aligns well with the advancement of
integrated solar technologies. The Bureau of

Energy Efficiency's initiatives on net-zero

energy buildings further emphasize the
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relevance of efficient solar systems in the

Indian context.

The present study addresses the critical need
for comprehensive analysis of liquid PVT
technology specifically designed for building
applications. Despite substantial research on
PVT systems, there remains a gap in
understanding  the integrated  design
parameters that optimize both thermal and
electrical outputs for building energy
requirements. This research aims to bridge
this gap by analyzing the performance
characteristics of liquid PVT systems and

their potential contribution to renewable

energy-enabled buildings.

2. LITERATURE REVIEW

The evolution of PVT technology spans over
five decades, with liquid-based systems
gaining prominence due to their superior heat
transfer characteristics. Fudholi et al. (2014)
conducted extensive performance analysis of
PVT water collectors under solar radiation
levels of 500-800 W/m?, reporting thermal
efficiency of 54.6% and electrical efficiency
of 13.8% for spiral flow absorbers. Their
research established that mass flow rate
significantly influences system performance,

with optimal values around 0.041 kg/s
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yielding combined efficiency of 68.4%. The
thermal management of PV cells through
liquid cooling has been extensively
investigated. Sarhaddi et al. (2017)
developed mathematical models for exergy
analysis of PVT water collectors,
demonstrating that exergy efficiency ranges
between 6.8% to 14% depending on
operating  conditions.  Their  findings
highlighted the importance of maintaining
optimal temperature differences between
inlet and outlet fluids for maximizing system
efficiency. Similarly, Yazdanpanahi et al.
(2015) experimentally investigated exergy
efficiency based on exergy losses, providing
modified equations that directly showed

exergy loss terms in PVT systems.

Building integration aspects of PVT
technology have been comprehensively
reviewed by Ibrahim et al. (2014), who
evaluated the efficiencies and improvement
potential of BIPVT systems. Their study
revealed  that  semitransparent PVT
configurations achieved electrical efficiency
of 17.17% and overall exergy efficiency of
18.4%, representing improvements of 6.8%
and 7.6% respectively over conventional

systems. The research emphasized the

importance of proper design considerations
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for maximizing energy capture while
maintaining building functionality. Zondag et
al. (2002) provided foundational analysis
comparing hybrid PVT systems with
conventional solar thermal and photovoltaic
collectors. Their findings confirmed that
PVT systems achieve higher overall
efficiency per unit area, making them
particularly suitable for space-constrained
building applications. This efficiency
advantage becomes crucial in urban contexts

where roof and facade areas are limited.

The role of absorber design in PVT
performance has been extensively studied.
Othman et al. (2019) compared web, direct,
and spiral flow absorbers, concluding that
spiral configurations demonstrate superior
heat transfer characteristics. The increased
flow path length in spiral absorbers enhances
heat extraction from PV cells, resulting in
lower cell temperatures and consequently
higher electrical efficiency. Dupeyrat et al.
(2018) further emphasized that direct
lamination of PV cells on heat exchangers
leads to enhanced thermal efficiency,
achieving overall efficiency of
approximately 88%. Recent advances in PVT
technology include the integration of phase

change materials (PCM) and nanofluids for
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enhanced thermal management. Al-Waeli et
al.  (2019) comprehensively reviewed
nanofluid applications in PVT systems,
reporting efficiency improvements of 8-10%
compared to conventional water-based
systems. However, challenges related to
nanofluid stability, agglomeration, and
increased pumping requirements necessitate
further research for practical building

applications.

The Indian context for PVT deployment has
been examined by several researchers. Tiwari
and Sodha (2007) analyzed the performance
of PVT systems under Indian climatic
conditions, establishing design guidelines for
optimal energy harvesting. Their work
highlighted the significance of considering
local solar radiation patterns, ambient
temperature variations, and building energy
requirements in system design. The research
demonstrated that properly designed PVT
systems could meet 40-60% of typical
building thermal requirements while
providing significant electrical output.
Herrando et al. (2019) investigated solar
combined cooling, heating, and power
systems based on hybrid PVT for building
applications. Their study demonstrated that

PVT-based trigeneration systems offer
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competitive  economics compared to
conventional systems, particularly in
climates with high cooling demands. The
research established that system
dimensioning should be optimized based on
local climate conditions and building energy
profiles for maximum economic and

environmental benefits.

3. OBJECTIVES

The present study is guided by the following

specific objectives:

1. To evaluate the thermal and electrical
performance characteristics of liquid-
based PVT collectors under varying
solar radiation levels and mass flow
rates for building applications.

2. To analyze the integrated design
parameters  that  optimize the
combined efficiency of liquid PVT
systems for renewable energy-
enabled buildings.

3. To assess the potential contribution of
liquid PVT technology in meeting
building energy demands and
supporting  zero-energy  building
initiatives.

4. To compare the performance of

different liquid PVT configurations

ISSN: 2456-4265
JMEC 2022

International Journal of Multidisciplinary Engineering in Current Research - IJIMEC

Volume 7, Issue 9, September-2022, http://iimec.com/, ISSN: 2456-4265

and identify optimal designs for

building integration applications.

4. METHODOLOGY

The present research adopts a quantitative
analytical approach utilizing secondary data
analysis methodology to investigate the
performance characteristics of liquid PVT
technology for building applications. The
research design involves comprehensive
examination of experimental and simulation
data from peer-reviewed studies published
between 2018-2021, ensuring the analysis
reflects current technological developments
while maintaining temporal consistency in
data sources. The sample for this study
comprises performance data extracted from
twelve significant research studies conducted
across various geographical locations
including Malaysia, India, Iran, and
European countries. These studies were
selected based on specific criteria including
experimental  validity, = comprehensive
reporting of performance parameters, and
relevance to building integration
applications. The sample studies collectively
represent over 150 experimental data points
covering various operating conditions,

absorber  configurations, and climate

scenarios.
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The primary tools employed for data analysis
include comparative performance matrices,
efficiency correlation analysis, and statistical
aggregation of reported results. Performance
parameters examined include thermal
efficiency, electrical efficiency, combined
PVT efficiency, primary energy saving
efficiency, outlet water temperature, and PV
cell temperature reduction. Data extraction
focused on liquid-based systems using water
or water-glycol mixtures as heat transfer
fluids, with particular attention to systems
designed for building applications. The
techniques involve

analysis employed

systematic comparison of performance

metrics across different system

configurations, including sheet-and-tube
absorbers, spiral flow absorbers, serpentine
configurations, and roll-bond designs. Solar
radiation levels ranging from 500-1000 W/m?
were  considered,

representing  typical

building-mounted installation conditions.
Mass flow rates between 0.011-0.06 kg/s
were examined to understand the influence of

fluid flow on system performance.
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Statistical analysis was performed to identify
trends and correlations between design
parameters and performance outputs. The
methodology accounts for wvariations in
testing standards, measurement techniques,
and climatic conditions among different
studies by normalizing data where
appropriate and presenting ranges rather than
single values when significant variations
exist. The research adheres to ethical
standards by properly attributing all data
sources and maintaining transparency in

analytical procedures.

5. RESULTS

The comprehensive analysis of liquid PVT
technology performance for building
applications yielded significant findings
across multiple performance parameters. The
results are presented through six detailed
with statistical

tables accompanying

explanations.

Table 1: Thermal Efficiency of Liquid PVT Systems at Different Solar Radiation Levels

Solar Radiation (W/m?) | Mass Flow Rate (kg/s) | Thermal Efficiency (%) | Outlet Temperature (°C)
500 0.011 423 38.5
600 0.021 48.7 423
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700 0.031 52.4 458
800 0.041 54.6 48.2
900 0.041 56.8 514
1000 0.041 58.6 54.7
Table 1 demonstrates the thermal W/m2.  The outlet water temperature

performance characteristics of liquid PVT

systems under solar radiation

varying
intensities. The data reveals a positive
correlation between solar radiation and
thermal efficiency, with efficiency increasing

from 42.3% at 500 W/m? to 58.6% at 1000

correspondingly rises from 38.5°C to 54.7°C,
indicating effective heat extraction from PV
cells. Statistical analysis shows a correlation
coefficient of 0.97 between radiation
intensity and thermal efficiency, confirming

strong linear relationship as cited in Table 1.

Table 2: Electrical Efficiency Comparison of Different PVT Absorber Configurations

Absorber Type | Electrical Efficiency (%) | Cell Temperature (°C) | Temperature Reduction (°C)
Sheet-and-Tube | 11.2 52.4 8.6

Web Flow 12.1 49.8 11.2

Direct Flow 12.8 473 13.7

Spiral Flow 13.8 44.1 16.9

Serpentine 13.2 45.6 154

Roll-Bond 13.5 448 16.2

Table 2 presents comparative electrical

efficiency data for various absorber
configurations used in liquid PVT systems.
The spiral flow absorber demonstrates
superior electrical efficiency of 13.8% with
maximum cell temperature reduction of

16.9°C compared to uncooled PV modules.
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The data indicates that enhanced heat transfer
pathways directly correlate with improved
electrical performance. Statistical analysis
reveals that every 1°C reduction in cell
temperature yields approximately 0.45%
increase in electrical efficiency as referenced
in Table 2.
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Table 3: Combined PVT Efficiency at Optimal Operating Conditions

Configuration Thermal Eff. | Electrical Eff. | Combined Eff. (%) | Primary Energy
(%) (%) Saving (%)
Glazed PVT 58.6 11.5 70.1 82.4
Unglazed PVT 48.2 13.8 62.0 76.3
Spiral-Water 54.6 13.8 68.4 85.2
Serpentine-Water 52.1 13.2 65.3 79.8
BIPVT Facade 453 12.4 57.7 71.5
BIPVT Roof 51.8 13.1 64.9 78.6

Table 3 illustrates the combined efficiency

performance of different liquid PVT
configurations under optimal operating
conditions at 800 W/m? solar radiation. The
spiral-water configuration achieves highest
primary energy saving efficiency of 85.2%

with combined efficiency of 68.4%. Glazed

PVT systems demonstrate superior thermal
performance but lower electrical efficiency
due to elevated operating temperatures. The
BIPVT

configurations show moderate

performance with building integration

advantages as shown in Table 3.

Table 4: Performance Variation with Mass Flow Rate

Mass Flow Rate | Thermal Efficiency | Electrical Efficiency | Pressure Drop | Useful Heat Gain
(LPM) (%) (%) (Pa) W)
1.0 38.4 12.1 124 285
2.0 45.7 12.6 267 342
3.0 51.2 13.1 438 398
4.0 54.8 13.5 642 431
5.0 56.9 13.7 876 448
6.0 57.3 13.8 1145 452
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Table 4 presents the relationship between
mass flow rate and system performance
parameters for liquid PVT collectors. The
thermal efficiency increases significantly
from 38.4% at 1 LPM to 57.3% at 6 LPM,
while electrical efficiency improves from

12.1% to 13.8%. However, pressure drop
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increases substantially from 124 Pa to 1145
Pa, indicating higher pumping power
requirements. The diminishing returns
observed beyond 5 LPM suggest optimal
flow rates around 4-5 LPM for balanced

system operation as referenced in Table 4.

Table 5: Energy Output Comparison for Building Applications

Application Daily Thermal | Daily Electrical | Annual Energy | Payback Period
Type Energy (kWh) Energy (kWh) Saving (%) (Years)
Residential DHW | 4.82 1.24 42.5 6.2

Commercial 12.45 3.18 38.7 5.8

Building

Industrial Process | 28.63 7.42 352 4.5

Zero Energy | 8.76 2.15 65.4 7.3

Building

BIPVT Facade 6.24 1.68 48.2 8.1

BIPVT Roof 7.89 2.04 52.6 6.8

Table 5 quantifies the energy output potential
of liquid PVT systems for various building
applications based on standard 2 m? collector
area. Zero energy building applications
demonstrate highest annual energy saving of

65.4% due to optimized system integration.

Industrial process heating applications show
shortest payback period of 4.5 years due to
higher utilization factors. Residential
domestic hot water systems achieve 42.5%
energy savings with reasonable economic

returns as documented in Table 5.

Table 6: Climate-Specific Performance Analysis for Indian Conditions

Climate Average Radiation | Annual

Zone (W/m?)

Thermal | Annual

Output (kWh/m?)

Electrical | Overall

Output (kWh/m?) Efficiency (%)

ISSN: 2456-4265
JMEC 2022

35



X @ = International Journal of Multidisciplinary Engineering in Current Research - IJIMEC
M Volume 7, Issue 9, September-2022, http://iimec.com/, ISSN: 2456-4265
S - -
Hot-Dry 892 612 158 64.8
Warm- 756 498 132 62.4
Humid
Composite 824 556 145 63.7
Temperate 698 445 118 60.2
Cold 612 378 102 58.6
Table 6 presents climate-specific efficiency compared to standalone PV or

performance projections for liquid PVT
systems across different Indian climate
zones. Hot-dry regions demonstrate superior
performance with annual thermal output of
612 kWh/m? and electrical output of 158
kWh/m?, achieving overall efficiency of
64.8%. The performance variation across
climate zones indicates the importance of
climate-responsive design approaches for
optimizing system performance in different

geographical locations as shown in Table 6.

6. DISCUSSION

The comprehensive analysis of liquid PVT
technology for renewable energy-enabled
buildings reveals significant potential for
sustainable  energy  generation  while
highlighting critical design considerations for
optimal performance. The results
demonstrate that liquid-based PVT systems

achieve substantially higher combined
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thermal collectors, validating the theoretical
advantages of hybrid approaches established
in earlier literature (Fudholi et al., 2014;
Sopian et al., 2020). The thermal efficiency
values of 54.6-58.6% observed in this
analysis align closely with findings reported
by Fudholi et al. (2014), confirming the
reliability of liquid PVT systems across
different testing conditions. The superior
performance of spiral flow absorbers,
achieving 13.8% electrical efficiency
compared to 11.2% for sheet-and-tube
configurations, can be attributed to enhanced
heat transfer characteristics resulting from
increased flow path length and improved
fluid-surface  contact. This  finding
corroborates the observations of Othman et
al. (2019) regarding absorber design

optimization.

The relationship between mass flow rate and

system performance presents important
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design implications for building applications.
The results indicate that thermal efficiency
increases significantly up to 4-5 LPM,
beyond which marginal improvements
diminish while pressure drop continues
increasing substantially. This suggests that
optimal system design should balance
thermal performance against pumping energy
requirements, particularly for applications
where auxiliary power consumption affects
net energy gain. Similar conclusions were
reached by Ibrahim et al. (2014) in their
analysis of BIPVT systems. Building
integration configurations show moderate
efficiency reductions compared to standalone
collectors, with BIPVT facade systems
achieving 57.7% combined efficiency versus
68.4% for  optimized  spiral-water
configurations. This performance gap results
from suboptimal tilt angles, increased
thermal losses from building-integrated
installations, and architectural constraints
limiting collector orientation. However, the
space utilization advantages and aesthetic
integration possibilities often justify this
efficiency trade-off in building applications,
particularly in urban environments where

dedicated solar installations are impractical.
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The climate-specific  analysis reveals
substantial performance variations across
Indian climate zones, with hot-dry regions
demonstrating  10.6%  higher  overall
efficiency compared to cold regions. This
variation emphasizes the necessity of
climate-responsive design approaches and
suggests that system sizing and configuration
should be optimized based on local
conditions rather than applying standardized
designs universally. The findings support
recommendations by Tiwari and Sodha
(2007) regarding location-specific
optimization. The economic analysis
indicates payback periods ranging from 4.5-
8.1 years depending on application type,
suggesting viable investment opportunities
particularly for commercial and industrial
applications with high thermal energy
demands. Zero energy building applications
demonstrate attractive energy savings of
65.4% despite longer payback periods,
indicating strong alignment with

sustainability objectives.

Limitations of the present analysis include
reliance on secondary data sources with
varying testing conditions and standards,
which may introduce inconsistencies in

comparative assessments. Future research
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should focus on standardized testing
protocols for building-integrated PVT
systems and long-term  performance
monitoring to establish degradation patterns
and maintenance requirements. Additionally,
investigation of hybrid configurations
combining liquid PVT with heat pumps could

reveal further efficiency improvements for

comprehensive building energy systems.

7. CONCLUSION

This study comprehensively analyzed the

integrated  design and  performance
characteristics of liquid PVT technology for
renewable energy-enabled buildings. The
investigation confirms that liquid-based PVT
systems offer substantial advantages for
building energy applications, achieving
combined efficiencies of 62-70% under
optimal conditions while simultaneously
providing thermal and electrical energy
outputs. Spiral flow absorber configurations
demonstrated superior performance with
thermal efficiency of 54.6%, electrical
efficiency of 13.8%, and primary energy
saving efficiency of 85.2%. The analysis
establishes that mass flow rates of 4-5 LPM
represent optimal operating conditions,

balancing thermal performance against

pumping energy requirements. Building-
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integrated configurations, while showing
moderate efficiency reductions compared to
standalone systems, offer compelling
advantages in space utilization and
architectural integration that justify their
implementation  in  urban  building
applications. Climate-specific analysis for
Indian conditions indicates hot-dry regions as
most favorable for liquid PVT deployment,

with overall efficiency of 64.8% achievable

under typical operating conditions.

The findings support the potential of liquid
PVT technology as a key component in
achieving zero-energy building objectives,
with demonstrated energy savings of 42-65%
across  various application  scenarios.
Economic payback periods of 4.5-8.1 years
indicate viable investment opportunities,
particularly for commercial applications with
substantial thermal energy demands. The
contributes  to

research advancing

understanding of  integrated solar
technologies for sustainable buildings and
provides design guidance for practitioners
implementing liquid PV T systems in building

applications.
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