
SMART ENERGY BUILDINGS

Development of a photovoltaic thermal system configuration
with additional envelope-integration into a multi-family building

Allard Huitema | AR3B025 Sustainable Design GraduationImage: courtesy of Solar Power World



Our goal here is to fundamentally change the way the world uses energy.

Elon Musk
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What did I do?

SMART ENERGY BUILDINGS

Examined photovoltaic thermal collectors (PVT)

Developed an energy system configuration

Applied PVT on roof and in facade
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RESEARCH QUESTION
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RESEARCH QUESTION

How can an energy concept with PVT be optimised or maximised in terms of 
renewable energy and be integrated in the envelope of a multi-family building?
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THEORY AND BACKGROUND INFORMATION
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THEORY AND BACKGROUND INFORMATION
Photovoltaic thermal collectors

Image: courtesy of TESZEUS
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THEORY AND BACKGROUND INFORMATION
Photovoltaic thermal collectors

polymeric insulation

glass cover

uncovered, uninsulated collector (UU)

water-filled copper pipe

thermal absorber plate

solar cells

uncovered, insulated collector (UI)

covered, insulated collector (CI)
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THEORY AND BACKGROUND INFORMATION
Photovoltaic thermal collectors

PVT has a ca. 300% higher energy output per m2 
than photovoltaic and solar thermal modules

This is especially attractive for buildings with 
relatively many occupants and a small roof area

Excess heat from PV cells is given to water
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THEORY AND BACKGROUND INFORMATION
Renewable energy systems

Low-temperature heating (LTH): 30 - 35°C

High-temperature cooling (HTC): 16°C

Domestic hot water (DHW): 60°C
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THEORY AND BACKGROUND INFORMATION
Heat pump

Coefficient of performance (COP)

Image: courtesy of Global Energy Systems
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THEORY AND BACKGROUND INFORMATION
Addition and integration

Building-added modules (left)

Building-integrated modules (right)

Image: courtesy of Van der LeunImage: courtesy of Modernize
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THEORY AND BACKGROUND INFORMATION
Aesthetical appearance

Dye-sensitised solar cells

Image: courtesy of RobAid

Image: courtesy of Ulm University
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ENERGY REQUIREMENTS OF THE MULTI-FAMILY BUILDING



23 of 77

ENERGY REQUIREMENTS OF THE MULTI-FAMILY BUILDING
Case-study building

Image: courtesy of OpenStreetMap
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Image: courtesy of OpenStreetMap

ENERGY REQUIREMENTS OF THE MULTI-FAMILY BUILDING
Case-study building



25 of 77

ENERGY REQUIREMENTS OF THE MULTI-FAMILY BUILDING
Case-study building

Image: courtesy of Vink Bouw

Multi-family building

PV panels and solar thermal collectors

Docklands
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ENERGY REQUIREMENTS OF THE MULTI-FAMILY BUILDING
Energy requirements

34%

9%

6%

30%

21%

Energy demand and energy use of Docklands

LTH DHW HTC Ventilation Lighting

Distinction between energy demand and energy use

LTH = low-temperature heat

DHW = domestic hot water

HTC = high-temperature cooling
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ENERGY REQUIREMENTS OF THE MULTI-FAMILY BUILDING
Energy demands
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ENERGY REQUIREMENTS OF THE MULTI-FAMILY BUILDING
Energy uses
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ENERGY OUTPUTS OF THE PVT COLLECTOR
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Thermal output

Temperature output

ENERGY OUTPUTS OF THE PVT COLLECTOR
Collector outputs

Electricity output
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ENERGY OUTPUTS OF THE PVT COLLECTOR
Weather data
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ENERGY OUTPUTS OF THE PVT COLLECTOR
Chosen collector types

polymeric insulation

water-filled copper pipe

thermal absorber plate

solar cells

glass cover

uncovered, uninsulated collector (UU)

uncovered, insulated collector (UI)

covered, insulated collector (CI)
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ENERGY OUTPUTS OF THE PVT COLLECTOR
Thermal output

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 [𝑊𝑊] 

energy from
sun

energy you 
lose

energy you
obtain
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ENERGY OUTPUTS OF THE PVT COLLECTOR
Temperature output

∆𝑇𝑇 = 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑚̇𝑚𝑐𝑐𝑤𝑤

 [℃] 

 

Tm

Tm

Tm

∆T

∆T

∆T

Collectors in series

Different mean water 
temperatures for summer
and winter

Different temperature 
differences for summer
and winter

Different mass flow rates 
for summer and winter
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𝐸𝐸 = 𝐴𝐴𝐴𝐴𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃 [𝑘𝑘𝑘𝑘ℎ] 

ENERGY OUTPUTS OF THE PVT COLLECTOR
Electricity output

 
Figure 3a: Thermal (continuous lines, Q̇th) and additional 
electrical power output (dashed lines, Q̇th+PPV) per m2 for 
a day with a fluid input temperature of 35°C. In-plane 
irradiance (GPOA) is shown in green. 
 

 
Figure 3b: Thermal (continuous lines, Q̇th) and 
additional electrical power output (dashed lines, Q̇th+PPV) 
per m2 for a day with a fluid input temperature of 7°C. 
In-plane irradiance (GPOA) is shown in green. 
 
3.2 Thermal performance 

The thermal efficiency is calculated based on 
measured data for a one year period from June 2015 to 
May 2016. The absorption of the different PVT panels 
was measured by ECN with an integrating sphere and 
was between 0.90 and 0.94 for the different panels. The 
emission is approximately 0.9.  
The thermal collector efficiency curves for collector A, B 
and C are shown in Figure 4 for a wind speed of 0 and 3 
m/s, with the PV in MPP. The PV efficiency (12-14%) is 
additional. The collectors show very different 
performance features. Collector C performs the best of 
the three measured collectors. The other collectors can 
also perform well in system configurations that have a 
low demand temperature. E.g. systems that are connected 
to a ground-source heat pump, often operate below 
ambient temperature.  

 
Figure 4: Collector curve for PVT collector A, B and C 
with a wind speed of 0 (solid) and 3 m/s (dashed), based 
on measured data from June 2015 to May 2016, with PV 
operational and measured in MPP 

 
Figure 5: Correlation between the DC performance ratio 
and the average fluid temperature.  
 
3.2 Overall performance 

The electric performance of PVT modules is 
influenced by the thermal part. Figure 5 shows the 
correlation of the DC PV performance ratio (PR) on the 
average fluid temperature of the PVT collectors. It shows 
that the heat conduction between the PV cells and the 
thermal absorber of PVT collector C is good, the PR 
reduces with higher liquid temperatures. The mean fluid 
temperature is one of the main drivers of the PR for 
collector C. It also shows that the heat conduction 
between the PV cells and the thermal absorber for 
systems A and B is not very good.  
 
The coefficients and the average electrical efficiency for 
all collectors are shown in Table I. 
 
Table I: Performance indicators 
 
Col-
lector 

ηth  bu 
(s/m) 

b1 
(W/m2

K) 

b2 
(J/m3K
) 

ηel 
(DC) 

A 26 %  0.06 4.7 0.1 12.2 % 
B 37 % 0.04 9.3 1.0 13.8 % 
C 55 % 0.02 6.7 1.6 12.7 % 

 
The electrical average efficiency of the three 

uncovered PVT systems is between 12.2 and 13.8 %. The 
difference is partially caused by a different peak power 
per square meter. The thermal efficiency parameters are 
for a large part caused by the thermal conduction between 
the PV and the thermal collector together with the 
insulation on the back of the system. A better thermal 
contact leads to a higher η0, but also to higher heat loss 
(b1) and wind dependency of the heat loss (b2) 
parameters, also if the back of the panel is insulated or 
integrated in the roof.  
 

 
4 CONCLUSIONs 
 

There is a large difference between the measured 
thermal performance of the three different collectors. 
These differences can be explained by the PVT collector 
design:  

 The absorption of all PVT modules is quite 
good (0.9 – 0.94).  

 A good heat conduction from the PV cells to 
the absorber leads to a high peak collector 
efficiency  

Performance ratio decreases 
for higher temperatures

Performance ratios of various PVTs
(De Keizer et al., 2016)
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ENERGY OUTPUTS OF THE PVT COLLECTOR
Thermal output results
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ENERGY OUTPUTS OF THE PVT COLLECTOR
Temperature output results
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ENERGY OUTPUTS OF THE PVT COLLECTOR
Temperature output results
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ENERGY OUTPUTS OF THE PVT COLLECTOR
Temperature output results
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ENERGY OUTPUTS OF THE PVT COLLECTOR
Temperature output results
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DEVELOPMENT OF THE SYSTEM CONFIGURATION
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DEVELOPMENT OF THE SYSTEM CONFIGURATION
Selected technologies

HPB

ATES

PVT

LTHDHW

B

HP = heat pump
B = boiler/bu�er tank
ATES = aquifer thermal energy storage
LTH = low-temperature heat
DHW = domestic hot water
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DEVELOPMENT OF THE SYSTEM CONFIGURATION
Operation mode in spring/autumn

HPB

LTHDHW
2. Direct-heating/storage mode LTH

B

35-37°C (spring/autumn)

PVT

30°C (spring/autumn)

ATES
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DEVELOPMENT OF THE SYSTEM CONFIGURATION
Energy distribution in spring/autumn
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CREATION OF AN ENERGY BALANCE
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CREATION OF AN ENERGY BALANCE
Explanation

Self-sufficient and independent

For example: you need 10 MJ
and PVT gives you 10 MJ

Extremely difficult

Integration is a solution
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CREATION OF AN ENERGY BALANCE
Thermal energy of roof collectors
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CREATION OF AN ENERGY BALANCE
Electrical energy of roof collectors
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CREATION OF AN ENERGY BALANCE
Energy balance

Two situations: fully covered roof and a half-covered roof

Fully covered roof: 293 m2 of facade-collectors

Half-covered roof: 527 m2 of facade-collectors
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CREATION OF AN ENERGY BALANCE
Influence of design parameters
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CREATION OF AN ENERGY BALANCE
Influence of design parameters
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DEVELOPMENT OF THE INTEGRATION OF THE PVT COLLECTOR
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DEVELOPMENT OF THE INTEGRATION OF THE PVT COLLECTOR
Focus areas of PVT integration

Partial substitution of facade elements

Piping system

Maintenance

Dimension flexibility
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DEVELOPMENT OF THE INTEGRATION OF THE PVT COLLECTOR
Piping system

Water pipes per floor to the inside
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DEVELOPMENT OF THE INTEGRATION OF THE PVT COLLECTOR
Piping system

Water pipes per collector to the inside
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DEVELOPMENT OF THE INTEGRATION OF THE PVT COLLECTOR
Piping system

PIPING SYSTEM IN OUTER PART OF FACADE:

PIPING SYSTEM IN INNER PART OF FACADE:

less thermal bridges

less recesses

less design freedom

higher thermal losses

more design freedom

less thermal losses

more thermal bridges

more recesses
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DEVELOPMENT OF THE INTEGRATION OF THE PVT COLLECTOR
Dimension flexibility

CURRENT SITUATION: INTEGRATION LIMITATION

DESIRED SITUATION: INTEGRATION FLEXIBILITY
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welded, protruded aluminium edge
adjustable aluminium profile
with slotted holes
thermal bridge interruption

concrete 150mm
glass wool 150mm
damp-proof membrane
air cavity 40mm
brickwork 100mm

D01HA

DEVELOPMENT OF THE INTEGRATION OF THE PVT COLLECTOR
Integration in Docklands
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DEVELOPMENT OF THE INTEGRATION OF THE PVT COLLECTOR
Integration in Docklands

150 150 40 40

150 230

24 56

concrete 150mm
glass wool 150mm
damp-proof membrane
air cavity 40mm
glazed, insulated PVT collector
with spiral flow design pattern

thermal bridge interruption
adjustable aluminium cross profile
welded, protruded aluminium edge
plastic PVT case profile 58x80mm

distribution pipes
locked maintenance door

D01VA
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EVALUATION & CONCLUSION



62 of 77

Design process

OWN PROCESS FOR DEVELOPING AND INTEGRATING A PVT CONCEPT
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EVALUATION & CONCLUSION
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EVALUATION & CONCLUSION
Answer to the research question

How can an energy concept with PVT be optimised or maximised in terms of 
renewable energy and be integrated in the envelope of a multi-family building?
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