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Bringing clean and affordable energy to the market is one of the goals of sustainable development set by the United Nations. Thermal comfort
is an important aspect of efficient energy use, which plays a crucial role in ensuring health and well-being in the built environment. The
majority of energy in the building sector is consumed by microclimate systems that provide thermal comfort for occupants. Design strategies,
such as passive and active solar and thermal mass utilisation, reduce heat demand. When aiming to optimise thermal comfort, a reasonable
combination is important in order to increase the utilisation of clean renewable energy, while conserving other resources.
In this paper, a method to generate design charts is proposed to assess early design options. It aids in the selection of design parameters,
based on targeted seasonal thermal comfort as a function of a complex microclimate system. In order to explore the interaction between
design variables, a TRNSYS simulation model was used. An analysis of comfort conditions (based on the EN ISO 7730 method) in building
spaces was performed to assess functionality. The simulation model accounted for the thermal constant in building spaces, solar utilisation
and gain through glass surfaces, solar collectors and active accumulation, energy transportation, and distribution efficiency.
The presented case study results showed that the lack of space heating capacity (3/4 of the calculated quantity) could be compensated
for by thermal mass and a solar thermal collector without compromising thermal comfort (the percentage of people dissatisfied (PPD) was
below 10 %). The highest solar fraction (36 %) was reached with the lowest fractions of space heating capacity (1/2 of the calculated quantity),
due to increased demands, but this design option did not satisfy the thermal comfort conditions (PPD > 17 %).
Keywords: solar thermal; early design tool; thermal comfort
Highlights
• In order to reduce energy consumption and environmental impacts, sustainable buildings must integrate passive and active
technologies.
• Integration of solar thermal utilisation to meet the energy demands of buildings is limited, due to accumulation capabilities.
• The suggested method involves creating design charts to identify parameters suitable for combining passive and active
technologies for solar utilisation and heat accumulation strategies to meet thermal comfort functional requirements.
• The case study demonstrates how sample design charts could be generated to assess design options.
• The design charts were used to identify limiting values to achieving suitable thermal comfort.

0 INTRODUCTION
In September 2015, the United Nations (UN)
Assembly approved the sustainable development
agenda [1]. According to this agenda, member
countries must take action in order to improve the
sustainability of the planet. Goals up until the year
2030 were set. Multiple aspects of the 17 sustainable
development goals determined by the UN were aimed
at increasing the utilisation of renewable energy and
improving energy efficiency [2]. It is clear that these
goals could only be met by using complex measures,
in terms of the most influential consumers, i.e. the
built environment, due to its high environmental
impact [3]. In EU households, heating and hot water
alone account for 79 % (in industry 70.6 %) of total
final energy consumption. Thus, it is important to
focus on heating demands [4]. Approximately 84 % of
heating and cooling is still generated from fossil fuels,
while only 16 % is generated from renewable energy.
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In order to fulfil the EU’s climate and energy goals,
the heating and cooling sector must sharply reduce
its energy consumption and decrease its use of fossil
fuels [5].
Integrated design efficiency and final product
quality are highly dependent on primary actions
at the initial stages of any project. According to
value engineering principles [6], a function could
be satisfied in different ways that allow for different
performances. Those aspects determine the pathway
characterized by [7], which specified that alternatives
should be considered at the initial stage of design. In
this phase, solutions can be integrated at the lowest
resource cost. In this context, the cost of considering
different design alternatives becomes an important
aspect of an efficient design process.
When designing sustainable buildings, passive and
active energy conservation solutions, in combination
with renewable energy utilisation, play an important
role. The primary function of a complex microclimate
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system is to ensure comfort for the occupants. A
design process sets only a portion of the parameters,
but overall thermal comfort expression is typically left
unaddressed. Thermal comfort is one of the aspects,
along with visual, acoustic, and indoor air quality,
which ensures health, productivity, and the wellbeing
of people inside the building. The function of creating
thermal comfort is itself composed of multiple secondorder functions – ensuring sensible temperature, air
velocity, and relative humidity suitable for occupant
activity and clothing levels [8]. There are multiple
models on how to determine thermal comfort, from
the holistic person–environment systems approach to
the deterministic stimulus–response models, which
are mostly used in standards [9].
In cold climates, the most influential factor in
terms of creating internal thermal comfort is space
heating demand. Ensuring comfortable indoor
environments in workspaces is one of the primary
contributors to achieving better performance. Indoor
environmental factors in workplaces should follow
functional, as well as behavioural, requirements [10].
According to Pathak et al. [10], the functionality
of the indoor environment (microclimate) can be
described in terms of warmth, light, noise, space, and
furniture. The most defined and parametrized among
the five is thermal comfort [11] and [12]. Active and
passive building microclimate subsystems influence
the overall thermal comfort. One of the simplest
and most effective ways of pursuing energy savings
in buildings is by acting on its envelope, which
represents the path for substantial heat flows [13]. A
passive subsystem consists of the building envelope
and the internal thermal mass. It is considered passive,
because it does not consume energy to provide
functionality. Active subsystems consist of heating,
cooling, and ventilation systems, which consume
energy to perform dedicated functions [14].
In order to most effectively utilise solar radiation,
passive and active measures of heat accumulation
should be used. Passive utilisation is implemented via
glazing and thermal mass in the building structure.
Active utilisation can be fulfilled using accumulation
storage fed via thermal collectors. Other parameters,
such as solar heat gain and infiltration caused by air
change rate, influence the indoor environment [15].
Solar heat gains achieved through glazed building
envelope elements are absorbed and accumulated
in the building structure. Due to the temperature
difference, heat is released from the thermal mass
to the indoor space and this reduces heating energy
consumption. Active microclimate systems ensure
thermal comfort by supplying heat, cold air, fresh air,

and light to a room. However, in this case, the focus is
on space heating measures.
Despite the fact that solar energy is utilised to
achieve microclimate needs, total demand could not
be ensured, due to an inequality between consumption
and generation. Achieving equality becomes more
realisable as the thermal properties of the building
envelope are increased, unlocking an increase in solar
utilisation and a decrease in fossil fuel use for the
needs arising in a built environment.
Significant daily, seasonal, and annual differences
in solar radiation exist in northern countries. This
variation influences the requirement for accumulation
in a system that utilises solar energy for space heating
and other services. It is possible to accumulate solar
energy passively or actively. Passive solar utilisation
is that used to heat a space without any additional
energy required to run the process [16]. Solar gains
collected through transparent envelope elements are
accumulated in the thermal mass of a building. At
night, the thermal mass at higher temperatures collects
heat and reduces heating load for that period. The
fact that natural thermal processes in a building may
reduce the energy requirement for heating makes it
possible to choose a lower design temperature for the
winter [15]. Therefore, studies have already shown that
the impact of different insulation–mass configurations
on both heating / cooling consumption and indoor
comfort varies, and often exhibits the opposite effects
[17]. Physical thermal processes that take place in the
building envelope may reduce the demand for heating
energy [15]. Studies have shown that passive solar
heating combined with energy-saving construction
could reduce thermal heating requirements by up to
30 % [18]. Other studies state that the decrease varies
from several percent to more than 80 % [19]. The latest
research shows that by applying this combination,
heating costs in the winter can be reduced by up to 58
% [20].
Passive solar heating of buildings using thermal
storage in the walls has been a subject of many studies,
particularly related to the Trombe wall [21] to [25].
Ordinary walls have also received research attention
[13], [19] and [26] to [28]. A study [29] defined a new
system combining an active–passive triple phase
change material wall and a multi–surface through
solar concentrators. It improved heat storage capacity
of the wall interior by using the active method and
could improve heat storage capacity of the phase
change material (PCM) wallboards using the passive
method. Other studies used PCM in cold climates to
accumulate solar energy, which led to a 17.4 % annual
drop in heating demand [30].
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Authors [28] analysed the simultaneous
optimisation of the thickness and positions of
insulation layers. The optimisation effects on the
dynamic thermal characteristics of walls were also
quantified. Active solar energy utilisation can be
implemented by using solar collectors for water
heating. Storage tank and solar collectors are the main
components of any solar water heating system [31].
Heat storage is an important part of a solar
collector system, which helps to manage differences
in time, as well as between the use and production
of heat. Study [32] analysed the contribution of
solar-thermal and thermal energy storage systems to
fulfilling thermal energy demand profiles. 48 case
studies used 12 house types under average (smoothed)
and actual (warmer) weather conditions, as well as
continuous and intermittent comfort maintenance.
Significant research has been conducted in
regards to solar systems for space heating or hot
domestic water preparation with solar collectors [30]
to [33]. One study [34] presented a simplified method
for optimising the key parameters of solar water
heating systems based on life-cycle energy analysis,
taking the phenomenon of energy mismatch into
consideration.
An overview of the research shows a lack
of studies in the holistic assessment of systems
that integrate active and passive accumulation.
Specifically, those using heat storage tanks with
thermal mass in building structures were lacking in
the literature. In addition, active and passive solar
utilisation by solar collectors and glazing were absent
in the research. The goal of this article is to examine
the effects of combined solutions on thermal comfort
[8]. The following section presents the method that
expresses the design parameters for the system,
combining thermal mass and solar utilization to ensure
thermal comfort.
1 METHODOLOGY
In order to assess the degree of function fulfilment, the
functionality (or functional efficiency) term was used.
The functionality of a complex microclimate system
was measured using the thermal comfort model
created by Fanger [35] and adopted as standard [8].
By employing mathematical functions expressing the
predicted mean vote of a statistical building occupant,
the percentage of dissatisfied people (occupants) can
be expressed. The Fanger thermal comfort model has
a limiting value of 5 % dissatisfied people. Lower
values are not possible according to the model, due to
the differences in human thermal sensation. This value
240

indicates that the function of ensuring thermal comfort
for occupants is satisfied at the highest level.
This paper presents an algorithm, which was used
to generate design charts for the initial assessment
of suitable options at the initial design phase. The
algorithm expressing the workflow of design chart
creation is shown in Fig. 1.
Start
Simulation function preparation (1.1)
Combination grid of primary parameters (1.2)
Execution of simulation with parameters
(2.1-2.4)

Yes

Combinations left?
No
Design chart creation from post processed data
(1.3)
Finish

Fig. 1. Workflow of design chart creation on the basis of the
proposed method

This tool helps designers quickly assess synergies
in solar energy and heat accumulation utilisation
in terms of the requirements for thermal comfort of
building occupants. The execution of the provided
algorithm results in design charts that can be used to
predict design performance with various parameter
combinations. Being able to consider a variety of
design parameters and select the most appropriate
one, or identify how the design should be adjusted, are
the main benefits of the proposed method.
1.1 Preparation of the Design Function for Parametric
Analysis
In order to determine the feasibility of utilising
solar energy and heat accumulation methods and to
quantify the interaction with internal thermal comfort,
a calculation model was developed using TRNSYS
software. The model was carefully parameterized
using text variables and proper output files. The
model was then saved as a *.dck file. The main output
parameters used to guide the design decision were
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determined on the basis of the algorithm presented in
EN ISO 7730[8].
The execution of procedures was wrapped into a
MATLAB function, which ran the following sequence:
1. Within MATLAB, the *.dck was copied so as not
to alter the original file.
2. MATLAB searched for and replaced the values of
any design variables. Simulation variables in the
*.dck template file were provided as MATLAB
function inputs.
3. The updated *.dck file was saved.
4. The simulation then ran in the TRNSYS
environment. The updated *.dck file was executed
by TRNEXE.exe using the dos(*) command in
MATLAB, which was a simple command line
access function.
5. After running the simulation, the results were
aggregated as an output.
6. Temporary files created by the simulation were
removed.
This function allowed for parametric runs to be
conducted to explore the field of design parameters
and to create surface functions expressing the relation
to thermal comfort.
1.2 Set up and Execution of Parametric Analysis
The purpose of parametric analysis is to generate
consistent performance data. The solution developed
using this approach is of higher resolution than a
single minimum or maximum point obtained using
optimisation methods. The knowledge presented in a
visual allows for faster understanding of the change
related to a performance function in relation to input
parameters.
The execution of the created MATLAB function
used specific inputs from the parameter grid results in
the assessed thermal comfort as well as solar fraction
values. The function was then executed with each
parameter set in the loop, until there were no unsimulated sets left.
The results of the parametric analysis were postprocessed and presented as two overlaid surfaces.
The MATLAB functionality was used to produce the
graphs. The design charts represented the summary of
simulation results. There were limited possibilities for
extrapolation of design results if the explored range
was limited. Due to the inconsistent behaviour of
the interaction between the design parameters, it was
more appropriate to expand the range of parametric
analysis. Thus, extreme combinations were included
in order to increase prediction accuracy. The structure
of possible combinations is shown in Fig. 2.

Fig. 2. Workflow of design chart creation on the basis of the
proposed method

The values of solar collector absorber area varied
in the parametric analysis from 2.4 m2 to 7.2 m2 in
increments of 1.2 m2. The thermal capacity of the
building varied as a parameter.
Table 1. Default values for dynamic parameters
Class
Very light
Light
Medium
Heavy
Very heavy

Simple hourly method,
Cm, [J/K]
80,000·Af

Parameter value in
simulation Cm, [J/K]
1,600,000

110,000·Af

2,200,000

165,000·Af

3,300,000

260,000·Af

5,200,000

370,000·Af

7,400,000

The range of values used was in accordance with
the international EN ISO 52016-1 [36] standard, as
presented in Table 1.
1.3 Design Chart Creation
In order to identify the parameters that ensured the
required thermal comfort level, the results of the
parametric analysis were used to create design charts.
To increase the reusability of the charts, design
parameters were normalised or aggregated to the
derived parameters.
The main comfort-influencing indicators, such as
the building thermal constant, specific area of solar
collectors, and heat source capacity, were selected
as the main optimisation parameters. The values of
these parameters were expressed using the following
equations:
• Building thermal constant (in accordance with the
EN ISO 52016-1 standard) [36]:
C
(1)
τ = m.
H
• Specific area of solar collectors:
ASP − SC =
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The results of the parametric analysis were
expressed as three-dimensional surface functions that
defined the relationship between system parameters.
These were used to describe system efficiency and
functionality dependence on primary building and
mechanical system properties. The methodology
behind the chart structure is shown in Fig. 3.
If these charts are viewed from the perspective
of the Z-axis and altitude differences are expressed in
isolines the results can be combined in monograms.
These monograms can be used to predict a more
efficient selection of parameters when designing a
building and energy systems that utilise solar energy.
Results of the parametric study were postprocessed using the MATLAB software. The outcome
of the study predicted the main dependencies in
relation to the comfort level. Figures show the average
percentage of people dissatisfied (PPD) values during
the heating season. This parameter predicts the
functional performance of the heating system from
a comfort perspective, considering that the target
average PPD value should not exceed 10 %.

Fig. 3. Workflow of design chart creation on the basis of the
proposed method
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2 DESCRIPTION OF THE BUILDING MODEL USED
FOR PARAMETRIC ANALYSIS
The consistency of thermal comfort should be ensured
during the entire heating season. The conditions under
which the thermal comfort parameter exceeds 10 %
indicate that the function of the microclimate system
is not satisfied [8]. To maintain comfort for occupants,
certain actions are required. The activities that are
involved in creating thermal comfort (the main
function) typically consume energy or other resources
in order to run or create the system.
The simulation model was created in the
TRNSYS simulation environment and comfort level
calculations were performed using a MATLAB script
included in the main simulation tool. TRNSYS is
a dynamic simulation tool that was developed over
the course of 30 years, with flexibility in modelling
systems and buildings. In TRNSYS, a model is
developed within the Simulation Studio environment,
which is a graphical user modelling interface. This
software has a modular structure that was designed
to solve complex problems in energy systems by
breaking scenarios down into a series of smaller
components. These components are known as “types”,
predefined components and algorithms that model the
behaviour of common systems.
The model was saved in the ASCII text format
as a “deck” file (*.dck), which stores the “types”
and connections between each type. The model was
executed using TRNEXE, an algebraic and differential
equation solver, which iteratively computes the state
of the system at each time step. In this case, it was
seven minutes, as it was necessary to reflect the
control time constant. Because the model was stored
in a text format, it could be parameterised using
scripting languages, such as MATLAB. Mathematical
models used to perform the simulation in TRNSYS
are described in the following subsections of the
paper. The macrostructure of the model can be divided
into four main hydronic loops (Fig. 4):
1. Solar collector to heat storage;
2. Auxiliary heater to heat storage;
3. Heat distribution network from heat storage to
heat emitting devices;
4. Heat emission system in building space.
The main parameter used to measure the
efficiency of the design combination was seasonal
comfort, as described in the following paragraph.
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2.1 Comfort
Measuring how the system functions can best be
described as one’s sense of comfort while being in
the room. Indoor comfort indicators are defined in
ISO 7730 [8]. This standard describes the predicted
mean vote (PMV) and PPD indices and specifies the
acceptable conditions for thermal comfort. The PMV
predicts the mean value of the votes from a large
group of people on the ISO thermal sensation scale
(+3 = hot, 0 = neutral, –3 = cold). The PPD predicts
the percentage of a large group of people likely to
feel “too warm” or “too cool” [37]. PMV is a function
that encompasses four environmental variables:
air temperature (ta [ºC]), mean radiant temperature
(tmrt [ºC]), relative air velocity (v [m/s]), and air
humidity (i.e. vapour pressure, pa [kPa]). Activity
level (i.e. metabolic rate, M [W/m2]) and clothing
insulation (Icl [clo]) are also considered [38]. Thus:
PMV = f ( ta , tmrt , pa , M , I cl , v ) .

(3)

It is important to know the percentage of people
who are dissatisfied with the environment, as it
represents the most likely source of complaints. Based
on experimental studies in which participants voted on
thermal sensations, an empirical relationship between
PMV and the predicted percentage of dissatisfied
occupants (PPD) was developed as follows [38]:
PPD = 100 − 95 ⋅ exp ( −0.3353PMV 4 − 0.219 PMV 2 ) . (4)

Eq. (4) indicates that even at thermal neutrality
(i.e. PMV = 0), 5 % of occupants may still be
dissatisfied.
Comfort conditions are often tested over longer
periods of time, for different types of buildings, and/
or heating, ventilation, and air conditioning (HVAC)
design with the assistance of computer simulation.
It is necessary to quantify the long-term comfort
conditions based on an index, such that alternative
designs can be compared. For these purposes, the
following method is recommended in future revisions
of the standards [37].
The time during which the actual PMV exceeds
the comfort boundaries was considered by using a
factor that is a function of the PPD. Starting with the
PMV distribution on an annual basis and the relation
between PMV and PPD, the following was calculated:
wf =

PPDactual PMV
PPDPMV limit

,

(5)

where PPDactual PMV is the PPD corresponding to the
actual PMV and PPDPMV limit is the PPD corresponding
to the PMV limit.
For a characteristic period during a year, the
product of the weighting factor, wf, and the time, t,
were added and the result was expressed in hours:
• warm period: Σwf··time, where PMV > PMVlimit,
• cold period: Σwf··time, where PMV < PMVlimit.
The summation of the product of “weighing
factor × time” was termed “weighted time” [h].
These values were used to evaluate long term
comfort conditions and acceptable weighting times
of, for example, 100 h to 150 h [37]. Comfort level
calculations were performed using a script run in the
MATLAB environment. This process was integrated
into TRNSYS parametric simulations via Type 155.
Thermal environmental assessment was conducted in
the B category, with PMV = ±0.5 and PPD < 10 %,
where Ta = 22 ±0.5 ºC. The calculation adopted the
following assumptions [8]:
• M = 58.15 W/m2 or 1 met
• W = 0 W/m2
• Icl = 0.155 m2·K/W or 1 clo
• v = 0.116 m/s
M, W, Icl, and v remained constant during the
heating season, due to low variability and limited
possibilities of predicting the variations. This was
due to the uncertainty related to occupant behaviour
(for M, W, I) and the complexity of air movement in
the room. Other parameters, such as air temperature,
radiant temperature, and relative humidity, were
considered to be variables and were simulated in the
model as an outcome of building and ventilation unit
subsystems.
The air and radiant temperatures were highly
influenced by the passive and active systems. Solar
radiation through glazed surfaces increased the mean
radiant temperature and was accumulated in the
thermal mass. Active systems influenced the air and
radiant temperature through the underfloor heating
and the impact on air temperature. Relative humidity
varied during the heating season, due to different
water vapour content in the external environment.
In order to generate the variables required to
assess thermal comfort, a simulation model using
multiple TRNSYS components was created (see
Fig. 4). The mathematical models used in these
components are described in the following sections.
The TESS libraries were used for model creation [39].
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2.2 Building Space Model
A lumped capacitance building of Type 88 represented
a single-space thermal zone with internal gains. It
was selected for the study, due to the possibility
of including humidity exchange as well as its
computational speed, due to relatively simple heat
and humidity balances. This component modelled a
simple lumped capacitance single-zone structure that
was subject to internal gains. It differed from other
simple building models since it made no assumption
about the control scheme. Furthermore, it assumed an
overall U value for the entire structure. Its usefulness
originates from the speed with which a building
heating and/or cooling load can be added to a system
simulation. While this type itself did not include solar
gains, this heat balance component was added as a
heat source from Type 687 [39]. This calculated the
amount of solar energy and illumination transmitted
through a window given only the basic information
– the overall U value and solar heat gain coefficient
(SHGC), as well as visual transmittance.
Components of air exchange heating balance
were separated into two parts: air exchange caused
by infiltration and mechanical ventilation with heat
recovery. Infiltration air exchange was modelled as a
variable velocity when the difference in air tightness

of the building at 50 Pa was equal to 0.6 h–1. This
effect was included via Type 932, which used the
Sherman Grimsrud Infiltration Model described in
the ASHRAE Handbook of Fundamentals [40]. The
model based the effects of infiltration on an effective
leakage area, indoor/outdoor temperature difference,
and wind speed.
Type 1231 modelled low-temperature hydronic
heat-distributing units, such as radiators, convectors,
baseboards, and finned-tube units. These types of
units supply heat through a combination of radiation
and convection without fans. The mathematical model
implemented in this type was based on the method
presented in the ASHRAE Handbook – HVAC
Systems and Equipment.[41]
The combination of Type 112 and Type 667
represented fans with absolute humidity input and a
sensible air-to-air heat exchanger [41]. Type 6 was an
auxiliary heater that elevates the temperature of the
flow stream when the temperature decreased below
the set point. It operated similar to an externally
controlled ON/OFF heating device. Energy is
delivered to the hot storage tank via an immersed
heat exchanger. The heating capacity of the auxiliary
(electrical) heater varied from 15 W/m2 to 30 W/m2
and the set point temperature was set at 35 °C.

Fig. 4. Simulation model in TRNSYS environment
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2.3 Solar Collectors
Flat plate solar collectors were modelled on the basis
of Type 1289, which calculated dynamic efficiency as
a function of inlet temperature that could be obtained
using the Hottel-Whillier equation:

η = η0 − a1

(Tin − Tamb ) − a (Tin − Tamb )
IT

2

2

IT

.

(6)

The main properties defining solar collector
specifications used for the simulation are listed below:
• type, flat plate solar collectors,
• optical efficiency, 80.4 %,
• heat loss coefficient a1, 3.235 W/(m2 K),
• heat loss coefficient a2, 0.0117 W/(m2 K2),
• thermal capacity C, 5.85 kJ/(m2 K),
• azimuth, 0º (south),
• inclination, 65º.
2.4 Heat Storage
Heat storage was modelled as a stratified storage
tank with 10 nodes (Type 534). The overall tank loss
coefficient was assumed to be 0.4 W/(m2·K). The
fluid in the storage tank interacted with the fluid in
the heat exchangers (through heat transfer with the
immersed heat exchangers), with the environment
(through thermal losses from the top, bottom, and
edges), and with the flow stream that enters and exits
the storage tank. The storage tank was divided into
isothermal temperature nodes. Each constant-volume
node was assumed to be isothermal and to interact
thermally with the nodes above and below through
several mechanisms: fluid conduction between nodes
and fluid movement due to destratification effects.
The volume of the accumulation tank was
assumed to depend on the solar collector area (ASC)
and can be expressed as shown in Eq. (4).
Vaccumulation = 0.07 ⋅ ASC ,

(7)

where 0.07 is the specific accumulation tank volume
per 1 m2 of the solar collector area.
3 MODEL VERIFICATION PROCEDURES
For engineered systems, terminology such as “virtual
prototyping” and “virtual testing” is now used in
development to describe numerical simulation for the
design, evaluation, and “testing” of new hardware
and systems. Virtual testing is a more reasonable
way to ensure proper operation and performance than
building and testing a physical system. The potential

legal and liability costs of failures can be staggering
to a company, the environment, or the public, when
building inappropriate systems without virtual testing
[42].
The limitation of the proposed method is the
uncertainty of predicted results. In order to control this
aspect, the following validation procedures should be
performed:
1. Build parametric models from verified simulation
models/components.
2. Numerical errors occurring due to precision and
simulation parameters should not exceed 5 % of
the final result value.
3. Ensure that mass flow and energy balances are
satisfied in system simulations.
4. Verify that thermal comfort parameters are in
accordance with EN ISO 7730 acceptable ranges.
As there was no available analytical solution or
experimental data for the given system configuration,
only separate component verifications could be
performed. The evidence of how accurately the
computational model simulates reality could thus be
based on separate element verification procedures
previously performed for the components used in
the case studies building space [43], solar thermal
collectors [44] and accumulation tank [45].
The given aspects showed that the results were
sufficiently accurate for initial predictions. The
next stage of the design process was to perform a
more detailed simulation to measure the building
performance for load sizing, energy consumption
predictions, and other activities typically performed in
the design process.
4 RESULTS AND DISCUSSION
As an example, Fig. 4 shows the dependence of
PPDavg on a specific area of solar collectors and the
building thermal constant. The specific area of solar
collector was the ratio between the solar collector area
and the floor area. The dependence of solar fraction
on the same parameters is depicted in Fig. 5.
In Fig. 6, the fifth (5) surface represents the
PPDavg values at full heat source capacity (30 W/m2).
The fourth (4) surface represents the same result, but
using 7/8 of the required heat source capacity (26.25
W/m2). The third (3) used 3/4 (22.5 W/m2), the second
(2) used 5/8 (18.75 W/m2), and the first (1) used 1/2
(15 W/m2) of the required capacity.
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Fig. 7 shows that increasing the thermal constant
and the specific area of solar collectors contributed
to the improvement of the average PPD value for
the heating season (from 14.4 % to 12.8 %). Thus,
the number of unsatisfied people decreased. The
PPD value varied from 12.2 % to 11.2 % when the
heat source was at 5/8 of the required capacity (18.75
W/m2). The increase of specific area of solar collectors
influenced the comfort level and solar fraction.

Fig. 5. Change of PPD with varying heat source power

The red plane represents the boundary where
PPDavg has a constant 10 % value. Results above this
boundary were considered unsatisfactory in terms of
thermal comfort in the room (PPDavg > 10 %).

Fig. 7. Change of PPD and solar fraction (fsol) when heat source
power is 15 W/m2

Fig. 6. Change of fsol with varying source power

In Fig. 6, the fifth surface (5) represents the solar
fraction values when 1/2 of the required heat source
capacity (15 W/m2) was used. The fourth surface (4)
represents the same quantity at 5/8 of the required
capacity (18.75 W/m2), the third (3) represents 3/4 of
the required capacity (22.5 W/m2), the second (2) was
7/8 (26.25 W/m2), and the first (1) represents the full
heat source capacity (30 W/m2).
Fig. 7 represents the PPDavg and solar fraction
when the capacity was 1/2 (15 W/m2) of the heat
source required (30 W/m2) in accordance with regular
sizing methods. Figs. 6 and 7 represent the same
quantities as depicted in Fig. 5. The heat source
capacities of 3/4 (22.5 W/m2) and 7/8 (26.25 W/m2)
were used for the room space heating load.
The PPDavg reached an acceptable level when
the heat source capacity values were 5/8 (18.75
W/m2) and 1.0 (30 W/m2) of the required heat source
capacity. These relations are shown as dashed isolines.
Continuous isolines represent the solar fraction under
given conditions.
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This behaviour was quite predictable, due to
the increased possibilities of solar utilisation that
involve a greater solar collector area. It is important
to emphasise that this combination of thermal constant
and the specific area of solar collectors ensures the
highest comfort level, while using the lowest amount
of energy. A heat source that covered only a half of
the required heating capacity (Fig. 7) could help to
achieve a much higher solar fraction (0.36). 5/8 of the
required capacity achieved a solar fraction equal to
0.32, but had a greater comfort level in comparison to
1/2 of the required capacity, even though the average
heating season temperature was above 20 °C. In this
case, the duration of discomfort (PPD > 10 %) lasted
for 17 % of the heating season and, depending on
design parameters, varied from 16 % to 18 %. In the
second case (18.75 W/m2), the discomfort varied from
14 % to 15 % for the assessment period.
Fig. 8 shows how PPDavg and fsol depend on the
same parameters when the heat source is designed to
meet 3/4 of capacity. In this graph the breaking point
was identified by increasing the thermal constant
and the specific area of solar collectors if PPDavg
was acceptable and the number of dissatisfied people
dropped below 10°% (see the shaded area in Fig. 8).
The highest achievable solar fraction was equal to
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0.26. Under these conditions, comfort conditions were
not maintained for 14 % to 15 % of the heating season.
In cases when 7/8 and full required capacity were
used (30 W/m2), PPDavg reached acceptable levels
under all design parameter combinations (see Fig.
9). Solar fractions of 0.26 and 0.24 were achieved,
respectively. Comfort requirements were not met for
10 % to 12 % of the heating season.

Fig. 8. Change of PPD and solar fraction (fsol) when heat source
power is 22.5 W/m2

Fig. 9. Change of PPD and solar fraction (fsol) when heat source
power is 26.25 W/m2

Having expressed the PPD and solar fraction
values as functions of space heating capacity and
the specific area of solar collectors, a chart depicting
relevant relations was produced (Fig. 10). Due to
the low impact of the thermal constant, the value of
PPD, restricted under given conditions (10 %), varied
slightly (see the shaded area in Fig. 10). For the
purposes of simplification, the dependency is shown

at the thermal constant of 156 hours, which is the
median value of the range examined.
The isoline showing 10 % of dissatisfied people
decreased in relation to the solar collector area.
Thus, the lack of space heating capacity could be
compensated for by an energy-efficient building that
satisfies the requirements stated in the assumptions of
this study. In this case, solar collectors could supply
0.14 to 0.29 of the required heat demand during the
heating season.

Fig. 10. PPD and solar fraction (fsol) dependence on heating
capacity and specific solar collector area

The combination of higher thermal mass and
specific area of solar collectors helped to decrease
the installed heating source capacity without having
a detrimental effect on thermal comfort. This study
showed that the highest solar fraction was ensured
when the space heating source capacity was at its
lowest. Under these conditions, the thermal comfort
level was not ensured (the PPD was 17 %). This
combination of design parameters cannot be used,
since it is not acceptable from the perspective of
comfort level.
In the best case presented in this paper, the
comfort level was not ensured for 10 % of the heating
season, while space temperature was at 22 ±2 ºC. This
shows that temperature was important, but it was not
the only parameter since thermal discomfort can be
caused by relative humidity and radiant temperature
as well. From a global perspective, air velocity
significantly influenced comfort level, but in this case
it was assumed to be constant. A combination of these
parameters led to difficulties in ensuring the comfort
level throughout the heating season.
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than 10 %. The highest solar fraction (0.36) was
achieved when the heating source capacity was
at its lowest (15 W/m2), but thermal comfort
requirements were not met (PPDavg is higher than
10 %), thus, this design option should be avoided.

5 CONCLUSIONS
In this paper, functionality was defined by the
PPD, which was aggregated to reflect seasonal
dissatisfaction related to thermal comfort. This
approach allowed for design parameters to be
determined that ensured an acceptable degree of
functional satisfaction. The main conclusions of this
research are as follows:
1. Separate efforts to explore passive and active heat
accumulation and solar energy utilisation, as well
as thermal comfort were observed in the research.
The integrated approach suggested in the paper,
however, has not been identified in the conducted
literature analysis.
2. By using the proposed method, designers are
able to create a complex solution, which takes
into account multiple aspects that influence the
thermal comfort level. The method establishes a
connection between different design parameters
(as variables) and enables the identification of
synergies between different active and passive
strategies in order to satisfy the function of
thermal comfort. The method has the following
strengths:
• Generation of the design charts requires a onetime effort and the knowledge of interactions can
be reused.
• The method replaces intuitive rule-of-thumb
methods and increases clarity and transparency in
the initial design process.
• The design method allows for the identification
of possible trade-offs between different
approaches using passive and active solar and
heat accumulation utilisation techniques.
• It provides a tool for sustainability-conscious
designers to implement a combination of passive
and active utilisation of solar energy with heat
accumulation.
3. High level certainty is not required, due to the
tolerated accuracy margin at the early stages
of the design process. The simplifications and
assumptions are considered to a certain extent
to reflect the trends of systems and coupled
interactions. The main sources of uncertainty
in the outcome of the design method are the
assumptions used to create the simulation model,
as well as its validity in comparison to reality.
4. The results of the created case study showed that
the estimated optimal heat source capacity was
22.5 W/m2. In relation to the specific area of
solar collectors and the available building thermal
constant PPDavg values, this capacity was lower
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6 FUTURE WORK
The strength of the proposed method lies in the
fact that it enables quick selection of building and
microclimate system characteristics in the early
design stages. The limitation of this method is the
computational cost required to generate the design
charts. The costs may increase if additional variables
are included. The normalisation of design variables
and the possibility of reusing the design charts creates
value for the design process.
Further improvements to the design chart
algorithm might be achieved by including additional
design variables. In order to decrease the computational
cost of generating design charts, the parametric
analysis could be upgraded to a combination search
based on multi-objective optimisation. As the thermal
comfort models evolve to include methods based
on the second law of thermodynamics [46] and [47],
further work may lead to design charts using exergybased definitions [48].
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8 NOMENCLATURE
building thermal capacity, [J/K]
building specific heat loss, [W/K]
thermal constant of the building, [h]
heated floor area, [m2]
area of solar collectors, [m2]
thermal efficiency of solar thermal collectors, [-]
optical efficiency of solar thermal collectors, [-]
loss coefficient of solar thermal collectors,
[W/(m2·K)]
a2 loss coefficient of solar thermal collectors,
[W/(m2·K2)]
Tin inlet temperature of solar collectors, [ºC]
Tamb ambient temperature, [ºC]
IT incident solar radiation, [W/m2]
ΔT temperature, [K]
ta temperature of the thermal zone, [ºC]

Cm
H
τ
Af
ASC
η
η0
a1
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tmrt mean radiant temperature of thermal zone, [ºC]
pa vapour pressure, [Pa]
M metabolic rate, [W/m2]
Icl clothing level of occupants, [clo]
Vac volume of active accumulation tank, [m3]
PPD percentage of people dissatisfied at specific time
step, [%]
PPDavg average seasonal percentage of people
dissatisfied, [%]
PMV predicted mean vote, [-]
wf weight factor for seasonal thermal comfort
calculation, [-]
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