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Abstract: Thermal solar systems are interesting solutions to reduce CO2 emissions and gradually
promote the use of renewable sources. However, sizing such systems and analysing their behavior
are still challenging issues, especially for the trade-off between useful solar energy maximization
and stagnation risk minimization. The new EPB (Energy Performance of Buildings) standard
EN 15316-4-3:2017 offers several methods to evaluate the performance of a forced circulation solar
system. One of them is a dynamic hourly method that must be used together with EN 15316-5:2017
for the simulation of the stratified storage tank connected with the solar loop. In this work, such
dynamic hourly method is extended to provide more realistic predictions. In particular, modeling
of the pump operation due to solar fluid temperature exceeding a set threshold, or due to low
temperature differential between solar field and storage tank, is introduced as an on–off control.
The implemented code is applied to a case study of solar system for the preparation of domestic hot
water and the impact of different design parameters is evaluated. The model predicts a higher risk of
overtemperature lock-out or stagnation when the solar field surface is increased, the storage volume is
reduced and water consumption is set to zero to simulate summer vacation periods. Finally, a simple
modulating control with a time step of a few seconds to a few minutes is introduced, quantitatively
showing the resulting benefits in terms of useful solar energy increase, back-up operation savings
and reduced auxiliary energy use.
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1. Introduction

Thermal solar systems are of interest to reduce CO2 emissions and gradually introduce renewable
sources as a replacement for fossil fuels. The sun is indeed one of the main potential sources of
energy, with an estimated 120,000 TW of power excluding the radiation reflected by the atmosphere.
According to Ivancic et al. [1], this large potential is not fully deployed yet, with a share in heating
and cooling applications still below 1%. This may be partly due to the 2008 economic crisis, which
hit particularly hard on the works entailing a large initial investment, but also to the existence of
several alternatives to increase the energy performance of buildings and fulfill legal obligations [2],
to the growth of competing sources, such as photovoltaic, and to the discontinuous availability of solar
energy that requires storage capacity. Thermal solar systems coupled with a storage are among the
most economically viable renewable energy storage systems to produce domestic hot water enabling,
inter alia, the reduction of peak loads associated with water heating. Pezzutto et al. [3] analyze data
collected from various sources about the potential in space heating and domestic hot water applications
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in Europe, showing that the number of installed solar collectors slightly exceeds one million, 85% of
which are flat plate collectors, for a total of 1000 annual equivalent full-load hours, about 50% less than
combined heat and power internal combustion units.

In a recent review, Gautam et al. [4] summarize the main types, components and technical
advancements of solar heating systems, but above all, they stress the importance of increasing the
performances in order to build more reliable systems and reduce the payback time. Hernandez
and Kenny [5] focus on solar systems for the preparation of domestic hot water. On the one hand,
the authors present the most widespread calculation methods, from rule-of-thumb correlations to
extremely detailed software simulations and identify the fundamental calculation outputs. On the
other hand, they compare the predicted and measured savings of some real installations in Ireland,
showing how proper sizing, installation and operation/control have a paramount impact on
system performances.

One of the most relevant technical problems to face when dealing with thermal solar systems
is stagnation. Stagnation is the condition in which the energy flow absorbed and not transmitted to
the connected system is completely wasted as thermal losses by the collector. In forced-circulation
solar systems, this condition is triggered when the output temperature of the collector reaches the
maximum set and the solar pump is turned off. This determines the overheating of the collector
and can even lead to fluid boiling; such a condition is destructive because it may result in materials
deterioration and premature aging, deformation of components and degradation of the heat transfer
fluid that, becoming more acid, gets extremely corrosive [6,7]. Some interesting experimental data on
the evolution of the temperatures in a solar system can be found in [8]. The set-up is located in Spain
and the study is performed in April. The water temperature in the top portion of the solar field is
reported to grow by 4–6 ◦C per minute, so that in only a quarter of an hour steam bubbles appear in
the flow. In this respect, solutions with draining features like the so-called “drain-back” systems are
a possible alternative [9] that, however, introduces other types of practical challenges such as loop
design to ensure the necessary slope, pump sizing to provide the initial head required to fill the system,
and suitability to cold climates.

The stagnation behavior of a thermal solar system depends on the characteristics and the reciprocal
influence of the individual parts. Insights into the solar collectors with respect to stagnation are
given in Kessentini et al. [10], who numerically and experimentally develop an overheating-proof
collector; Eismann [11], who points out that stagnation temperature is overestimated by the widely
used correlation developed by Hollands et al. in the 1970s and proposes an alternative method to
study these quantities; Hussain and Harrison [12], who numerically and experimentally study the
passive air cooling of a flat collector as a possible mean to control stagnation and extend the life of the
component; Streicher [13], focusing on the problem of condensate-induced water hammer occurring
during stagnation. Studies on the heat transfer fluid date back the late 1980s, with the works by
Rossiter [14] and Clifton et al. [15], and with the series of papers by Monticelli et al. [16–18] dedicated
to corrosion in solar heating systems. Other information on high-temperature deterioration of solar
heat transfer fluid (“glycol cracking”) can be found in reports from chemical manufacturers (see for
instance [19,20]).

The solar loop, including collectors, heat exchanger (coil) and storage volume must be seen
system-wise, since the control strategy and the water storage tank properties have an important role
in the overall performances. It has been shown that obtaining and maintaining thermal stratification
has a positive effect on the efficiency, as this allows to deliver highest temperature water to the user,
whereas water at the lowest temperatures is sent back to the solar collectors, thus increasing their
efficiency [21]. The thermal solar stratified storage tank literature and modeling techniques have
been extensively reviewed by Fertahi et al. [22]. The stratification of the storage tank has been a
popular topic since the late 2000s, with several works reviewing all aspects of thermal stratification
including phenomenology, modeling and performance [23,24] or focusing on specific aspects, such as
the influence of charge and discharge cycles on stratification [25].
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Concerning control, operation of the collector loop pump is usually controlled according to the
temperature difference between the solar field output and the bottom of the storage tank where
the solar coil is immersed into. Well-established techniques developed in 1970s–1980s, such as
on–off (“bang-bang”) or modulating (“differential”) control, are usually implemented in commercial
controllers. Refinements of proportional control are proposed in [26], and complex algorithms are
more and more commonly found in the literature, for example using optimal control to determine the
correct primary flow rates to maximize energy gain, whilst meeting user-defined tank temperatures
with minimum energy usage in the secondary loop of the system [27]. Valdiserri [28] includes on–off
control in the TRNSYS simulation of solar water heating systems located in seven European cities,
analyzing the effect of night switch-offs.

Modeling approaches and techniques cover a wide portion of thermal solar systems literature.
The reference works by Klein, Beckman and Duffie [29,30] date back the late 1970s and were the
foundations of the popular f -chart method and TRNSYS simulation software. As a matter of
fact, being the system based on solar energy, its modeling is transient by nature, as pointed out
by Shrivastava et al. [31], who review the major achievements in solar system from a TRNSYS
point of view. f -chart was developed using a large number of transient simulations to develop
correlations among dimensionless parameters that could be easily calculated from available input
data [32]. The f -chart method is still used nowadays as a base for sizing [33], energy performance
evaluations [34] and standards [35], but it assumes that the system is correctly sized and operated.

Standards are indeed another resource in terms of solar heating design and energy performance
calculation methods, and in particular the set of standards about Energy Performance of Buildings
(EPB). The history of EPB standards is described in [36]. The first mandate to produce a comprehensive
set of standards for the application of the first EPB directive (EPBD), 2002/91/EC, was given to
CEN (European Committee for Standardization) in 2002. The result was a set of forty standards,
issued between 2007 and 2008, whose application turned out to be very difficult due to the very
variable quality of individual calculation modules and to the lack of coordination between the modules.
The European Commission therefore gave a second mandate to CEN to revise all the standards of the
first EPB set, and the work started in 2012 (after the 2010/31/EU directive, “EPBD recast”, had been
published) with a preliminary phase which lasted over two years. During this phase an expert group
of CEN (core team leaders, CTL) designed a modular structure for the standards, defined their contents
and established requirements and common features that all standardization documents should have
fulfilled (Detailed Technical Rules, CN/TS 16629:2014). Based on these guidelines, all the standards
should have included both monthly and hourly time-step calculation methods and default data set to
enable their application even in the absence of national data. Moreover, they should have been tested
individually and accompanied by a calculation spreadsheet and a technical report with informative
content. This long process was deemed essential to create a common modular framework and a set of
consistent, “software proof” calculation modules, that could effectively support regulation and that
could be the base of energy performance evaluation software.

Between 2014 and 2016, the whole EPB set of standards has been revised [37]. Among these
documents, EN 15316-4-3 [35] now provides three methods to calculate the energy performance of
thermal solar systems for domestic hot water (DHW) preparation and space heating (SH). Method 1
allows to estimate the energy performance of solar DHW preparation systems, using overall system
performance data in conformity with product standards; method 2 (monthly) and method 3 (hourly)
are suitable to evaluate the energy performance of DHW, SH and combined systems, using component
data declared in conformity with product standards. Method 2 is still based on f -chart and it can
be used to estimate the fraction of the required output energy covered by the thermal solar system
month by month. Method 3 allows the calculation of the hourly value of heat collected and delivered
to the collector loop. When coupled with the calculation of the stratified storage tank described in
EN 15316-5 [38], this allows the calculation of all the relevant temperatures of the system on an hourly
time step.
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The main goal of the EN 15316-4-3 is the energy assessment of a thermal solar system for energy
performance calculation purpose, but introducing some enhancements it can be used also as a modeling
tool to check the correct sizing of the system and the possible occurrence of undesired events, such as
overheating and boiling. The main modification concerns the control of the solar pump: the standard
approach implies that, in presence of a non-negligible solar radiation, the pump is always on and
the solar fluid circulates at a fixed flow rate, but this does not match the behavior of real systems,
where the pump is switched off under certain conditions. At zero flow, no heat is removed from
the solar collectors by the heat transfer fluid, and the collectors and the storage tank become two
independent systems until the pump restarts. Moreover, nowadays the pump operation is often
modulated according to a reference temperature differential.

In this paper the standard dynamic hourly method of EN 15316-4-3 is implemented in Matlab
language and integrated with the possibility to take into account stagnation and custom control types.
This is done by introducing a module to check if the maximum loop temperature is exceeded and
for the calculation of the solar fluid flow rate at the beginning of each time step, according on the
specific control type and based on the current system condition. In case of pump lock-out due to high
loop temperature, a literature model for exponential variation of the solar field temperature and a
simple approach to take into account heat transfer fluid boiling occurrences are added to the standard
solution. The goal is to increase the method prediction capabilities while maintaining the reference
EPB framework, that was developed to ensure applicability, consistency and reproducibility and that
will be—or has already been—included in the energy performance calculation software packages.
With these enhancements, the method can be used even at design stage to make decisions and for
sizing purposes. A case study serves as a demonstration of the method potential.

2. Standard-Based Modeling

2.1. Standardized Methods for Thermal Solar Systems

In a thermal solar system, two energy paths can be identified: a primary (generation) solar path
starting from the collectors and ending into the storage tank, and a secondary user path (demand),
starting in the storage tank and ending at the user terminals (Figure 1). The two paths are considered
separately because they run independently, and the storage acts as a connection and buffer between
generation and demand. On the generation path, the available solar energy progressively reduces due
to thermal solar system losses; on the demand side, the energy must be carried from the storage to
the points of use, such as the taps or the heating terminals, thus the energy to be supplied is far more
than the needs due to distribution losses. The solar fraction is the ratio between the solar energy that
reaches the storage, Qsol;loop;out, and the gross need, Qsto;out, which includes actual needs (for example,
QW;nd of domestic hot water at the tap) and distribution and storage thermal losses, Qdis;ls and Qsto;ls.

Thermal solar systems are nearly always assisted by a back-up heater to supply heat when solar
radiation is scarce and/or storage temperature is too low. The solar fraction fsol is the quota of the
heat Qsto;out to be supplied to the distribution system (“load”) which is covered by heat coming from
the solar collector, Qsol;loop;out. The monthly method described in paragraph 6.1.2 of EN 15316-4-3 is
based on the f -chart method, which outputs the solar fraction for each m-th month as

fsol,m =
Qsol;loop;out,m

Qsto;out,m
= a Ym + b Xm + c Y2

m + d X2
m + e Y3

m + f X3
m, (1)

in which Qsol;loop;out,m is the solar contribution in the specific month; Qsto;out,m is the monthly gross
need; Xm and Ym are two dimensionless parameters related, respectively, to the collector loop losses
and to the solar energy captured by the system, both referred to the total monthly need. The coefficients
a . . . f are empirical factors whose values were estimated based on extensive transient simulations [32]
and depend on the type of system. The diagram for the use of f -chart method during sizing is shown
in Figure 2.
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The dynamic hourly method is described in paragraph 6.1.3 of EN 15316-4-3. The calculation
is based on an energy balance on the solar collector that, hour by hour, takes into account collected
energy, thermal losses and heat removed by the heat transfer fluid. The standard primarily aims
to quantify the energy performance of a correctly designed system, and for this reason the method
assumes that, as long as the collected energy is significant (at least three times the electric energy
consumption of the solar pump), the circulation of fluid never stops and its flow rate is constant in time.
This implies that, in this framework, the solar loop and the storage tanks are always interdependent.
The calculation flow is shown in Figure 3: after gathering the necessary system information, such as
data about the collectors, loop pipes and storage tank, type of application (DHW, SH or combined),
set-point temperatures, hourly load and weather data, the calculation is performed for all the time steps
h. For each time step, an initial value for average temperature of the collectors θcol;avg,h is estimated
and the corresponding collector efficiency ηcol,h is calculated as

ηcol,h = η0 Khem − a1 T∗ − a2 T∗2 Isol,h (2)

with

T∗ =
θcol;avg,h − θe,h

Isol,h
, (3)

where η0 is the zero-loss efficiency of the collector, Khem its incidence angle modifier, a1 and a2 the
first- and second-order heat loss coefficients (all of which can be found on the collector test report
according to EN 12975), θe the outdoor air temperature and Isol the solar irradiance on the collector
plane. The resulting collected heat delivered to the fluid and the solar loop losses are calculated,
to obtain the net heat which is transferred to the water stored in the tank. The multi-layer model
described in EN 15316-5 standard is then invoked. The temperature of the layer that the solar loop
is immersed into is related to the inlet, outlet and average temperatures of the solar coil, that is, of
the collector loop. A new θcol;avg,h can be calculated and the second iteration starts. The prescribed
convergence condition is reached after 4 iterations or when the percentage variation of the solar heat
delivered to the stored water with respect to the previous iteration falls below 5%. It is worth noting
that the method is dynamic, as the condition at h-th time step depends on the condition at h− 1-th
time step.

SolarBfieldB
losses

LoopB
losses

AvailableBsolarBheat
Qsol;loop;out

SolarBradiation
IsolB

TerminalB
pipesBlosses

GrossBneed
Qsto;out

NetB
need
QW;nd

ReflectedB
radiationB

fsolB=BQsol;loop;outB/BQsto;out
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Qdis;ls

BackOupBenergy
Qbu

Load
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StorageB
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η03Ba13Ba22B

θsto;vol;4

θsto;vol;3

θsto;vol;2
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Figure 1. Energy flows in a forced-circulation solar system.
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Figure 2. Diagram for the use of f -chart method to determine monthly solar fraction for sizing purpose.
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Yes

iY=YiY+Y1

StoreYdataYforYtimeYstepYh

LastYtimeYstep?
No
hY=YhY+Y1
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iY=Y3
orYconvergenceY

reached?

ENY15316-5

Yes

Figure 3. Diagram for hourly calculation according to EN 15316-4-3 and EN 15316-5.

2.2. Standardized Method for Stratified Storage

EN 15316-5 standard allows to calculate the temperature profile of the storage vessel depending
on the water draw-off and on the energy supplied to or withdrawn from each layer by heat exchangers.
Method A models the storage as a multi-layer unit, whereas Method B as a single-layer unit. Method A
is the required option for storage tanks connected to thermal solar systems, where stratification is a
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key element of solar energy storage and back-up heater contribution minimization. DHW preparation,
SH and combined applications can be modeled.

Once the storage volume has been divided into volume layers, initial temperatures are set
(for example, set-point temperatures or realistic values for the initial period of calculation). Input and
outputs are connected to some of these volume fractions. The default (and minimum) configuration
for a storage connected to a thermal solar loop and a back-up heater is a four-layer model, however
the number and individual volumes of the layers are a modeling choice. The solar coil is connected to
the bottom layer, whereas the back-up coil is usually located in the second-upper layer.

For the purpose of the standard, the energy stored in the tank is estimated (here, energy should
be referred to cold water temperature rather than to service temperature as currently specified by the
standard). The next step is to calculate the volume withdrawn from the storage in the time step at hand,
based on the load profile. In case of DHW service, withdrawals are assumed to occur from the top
layer, while an identical amount of cold water enters the bottom of the cylinder (“piston movement”).
The resulting temperature profile is obtained as a weighted average on each layer, simulating mixing.
The standard already takes into account the effect of the layer temperature on the water volume
draw-off as well as the minimum required temperature depending on use.

The possible energy input coming from external sources, such as solar systems and/or back-up
generator, are therefore included and the relative temperature increments calculated. If the resulting
overall temperature profile is not sorted, it must be rearranged. For this reason, as long as the
temperature of layer l is higher than the temperature of the upper layer l + 1, the two volumes
are mixed. Finally, the thermal losses and the inlet/outlet temperatures of the heat exchangers are
calculated. Figure 4 shows the flow chart of the calculation procedure. The location of the storage
module within the global calculation can be found in Figure 3.

START

END

Calculate?temperatures?after?thermal?losses

Set?number?and?volumes?of??layers
Set?input/output?energy?locations

Set?initial?temperature?values

No

First?time?step?
Yes

Calculate?temperatures?of?the?layers?after?
withdrawal

Calculate?temperature?of?the?layers?after?
energy?withdrawal?by?heat?exchangers

Calculate?temperatures?of?the?layers?and?solar?
coil?temperatures?after?solar?energy?input?

Back6up?required?
Yes Calculate?temperatures?of?the?

layers?heated?by?the?back6up?heater?

No
Temperature?sorted?

Yes

Rearrange?layer?temperatures?
(mixing)

Set?initial?status?as?the?status?at?the?end?of?the?
previous?time?step

No

From?153166463

To?153166463

Figure 4. Diagram for hourly calculation of the stratified storage tank according to EN 15316-5.
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2.3. Modified Dynamic Hourly Method

To expand the capabilities of the standard hourly method, some new aspects must be taken
into account:

• The solar fluid is usually a mixture of glycol and water, not water alone.
• In a real installation, the thermal solar system is driven by a controller that controls and switches

on and off the pump according to the specific conditions
• When the pump is off, the solar collectors and the storage tank are independent of each other and

the average temperature of the collectors depends on the balance between collected solar heat
and thermal losses of the collector alone

• The temperature of the collector may even reach the boiling point. Then the temperature remains
constant during the evaporation process and it rises again during superheating, after complete
evaporation of the fluid within the collector.

The new elements are incorporated as it follows. First of all, the solar fluid is generally a
water-glycol mixture. For the case study presented in this work, a 30% propylene glycol-water mixture
has been chosen for its freezing point below −10 ◦C, in the light of the lowest temperatures that can
be reached in the considered area. The properties required for the calculation are specific heat at
constant pressure cp, density ρ, latent heat of evaporation and boiling temperature. The standard
currently recommends to use water properties at 20 ◦C, thus the same temperature is assumed for the
mixture properties.

Control-related aspects are taken into account by considering the heat capacity effects and the
simplified model by Klein (1974) [32]. In a single-cover collector, whose absorber plate and water
content are at uniform temperature T,

(mc)eff
dT
dt

= Q̇sol − Q̇ls (4)

with (mc)eff effective heat capacity of the collector, which can be found on collector test reports
according to EN 12975. Q̇sol is the flow of solar energy input and Q̇ls are the thermal losses. In practical
applications, a temperature sensor is mounted on the solar collector outlet, and when its temperature
exceeds a safety threshold value the pump is stopped to preserve the loop components. To model this
situation, the following assumptions are made:

• Steady state condition. When the pump is on and the solar fluid flow rate is ṁ, the standard
framework of a steady problem is maintained and the balance on the water-side of the solar
collector reads:

Q̇sol = Q̇ls = ṁ cp

(
θsol;loop;out − θsol;loop;in

)
(5)

= 2× ṁ cp

(
θcol;avg − θsol;loop;in

)
(6)

−→ θcol;avg =
Q̇sol

2× ṁ cp
+ θsol;loop;in (7)

which is exactly the equation proposed by the standard (in 2017 version of EN 15316-4-3, in the
formula for the calculation of θcol;avg the solar energy should be divided by the time step to obtain
an energy flow).

• Exponential behavior. When the pump is off due to the solar collector temperature exceeding a
safety threshold θoff, the problem can no longer be considered as stationary. Approximating
the expression of the captured energy as a first-degree polynomial (that is to say, neglecting a2,
which leads to underestimate the thermal losses, especially at high temperature), Equation (4)
becomes
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(mc)eff
dT
dt

= Acol η0 Khem Isol − Acol a1 (T − Te) , (8)

where Acol is the reference collector area for η0 and a1. In case a2 cannot be neglected, a coefficient
a = a1 + a2 × ∆T could be used in Equation (8) instead of a1, with ∆T temperature difference
between collector and external air at the previous time step. The differential Equation (8) can be
written in the form

dT
dt

= K1 T + K2 (9)

once the coefficients K1 and K2 have been defined:

K1 = − Acol
(mc)eff

a1 K2 =
Acol

(mc)eff
(η0 Khem Isol + a1 Te) .

The solution to the differential equation is

T(t) =
(K2 + T(0)K1) e(K1 t)

K1
− K2

K1
. (10)

• Boiling. When the boiling temperature θboil is reached, the solar input contributes to the
evaporation process at constant temperature. This amount of energy must be released completely
before the fluid can condense and the temperature can decrease again. A basic model can be
introduced in which pressure remains constant during the process, the phase change is uniform
in the solar field, and the solar field is at a uniform temperature. When the boiling temperature
is achieved the energy balance reads that, in the considered time step of length tci, the energy
available for liquid evaporation is the difference between solar input Qsol and thermal losses Qls:

Qsol = Isol Asol Khem η0 tci, (11a)

Qls =
(

a1 T∗ + a2 T∗2 Isol

)
Asol tci . (11b)

The total energy contained in the evaporated solar fluid at time step h is

Qevap,h = Qsol,h −Qls,h + Qevap,h−1 , (12)

with Qevap,h−1 energy stored as latent heat during the previous time step, that is to say, in the
portion of liquid that has already evaporated. When Qevap,h equals the latent heat of evaporation
of the remaining liquid, all the collectors content has evaporated. When Qevap,h becomes zero,
the fluid has completely condensed back to liquid. It was chosen to neglect the superheating of
the evaporated solar fluid, since the modified method is conceived as a tool to size the plant so to
limit the overheating periods as much as possible. In this respect, the sole achievement of boiling
periods is a warning that a correction is needed. Moreover, the main time constant of the whole
evaporation/recondensation process if often far below the hour.

In conclusion, three cases can be identified which lead to three calculation types (Table 1).
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Table 1. Calculation types according to collector temperature value.

Conditions at Time Step h − 1
Case Pump State θcol;avg < θoff θcol;avg < θboil Calculation Type

1 On Yes Yes Steady (to standard)
2 Off No Yes Exponential
3 Off No No Boiling

The code has been implemented in Matlab language with the following structure:

1. Input:

• hourly weather and consumption data
• system information, including collector, storage and fluid characteristics, and control settings

2. Calculation scripts:

• main code based on EN 15316-4-3
• function to check the pertinent case as per Table 1 at each time step
• code to calculate the fluid flow rate at the beginning of each time step based on the chosen

pump control type (standard, on/off with overtemperature lock-out or modulating)
• storage module, invoked by the main script to provide the stratified storage tank thermal

profile and the solar loop inlet and outlet temperatures

3. Output:

• temperature and status time series for the desired period
• yearly number of pump operating hours, back-up operating hours and overheating occurrences

The calculation time for the annual simulation with hourly time step is around 80 s (fourth
generation Intel i7 quad-core CPU, 2.50 GHz).

3. A Case Study

3.1. Preliminary Sizing and Standard Simulations

The goal of the work is to visualize the potential of the hourly method and of its extensions both
qualitatively, by means of time series plots, and quantitatively, by means of data analysis. The plots
have been extracted for different time intervals: full year, a winter day, a summer day and the
transition periods. The simulations also provide the operation time of the solar pump and of the
back-up generator, the useful solar energy over the year and the number of times the pump is switched
off due to overheating (stagnation cycle). Potentially, all the calculation data can be extracted, processed
and displayed.

It was chosen to apply the code to a two-family dwelling in Northern Italy, assuming that the
system is used to prepare domestic hot water only. Hourly weather data have been obtained by PVGIS
portal [39] as the average of years 2007 to 2016. In case a time step below the hour is set, the code
linearly interpolates the available data. The net DHW needs have been estimated based on the Italian
standard UNI/TS 11300-2, which, for residential applications, relates the required volume of water at
the tap (mixed water, 40 ◦C) to the useful surface of the dwelling. As prescribed by EN 15316-4-3 in
the case of unavailability of cold water temperature for the specific location, water mains temperature
is assumed as 10 ◦C. The result is approximately 50 L/(person day) for two apartments occupied by
4-people families and, for preliminary sizing purpose, the volume water needs are assumed to be
uniform throughout the year. The consumption profile has been set as a typical schedule for a family
(six identical 2.32 kWh withdrawals at 8, 13, 20, 21, 22 and 23). The total needs Qsto;out are obtained as
the sum of the net needs and the thermal losses of the domestic hot water distribution and storage
subsystems, calculated month by month for the storage tank (volume 500 L) and for the piping system
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(40 m pipe of internal diameter 16 mm, average distribution temperature 48 ◦C) in three daily hot
water tapping cycles, according to EN 15316-3-2 standard.

The heat transfer fluid flow rate has been estimated so that it can remove heat from the collectors
at the maximum solar irradiance, with a temperature difference between collector inlet and outlet not
exceeding 10 K. After a first sizing stage performed with the monthly f -chart-based method (Figure 5,
Table 2), the number of collectors has been set to 4.
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Figure 5. Monthly balance from f -chart-based method simulation. Useful solar energy:
min (Qsol;loop;out; Qsto;out). Remaining DHW need: max (Qsto;out −Qsol;loop;out; 0). Excess solar energy:
max (Qsol;loop;out −Qsto;out; 0).

Table 2. Main component characteristics.

Characteristic Symbol Value Unit

Collector area A 1.9 m2

Peak collector efficiency η0 0.8 -
First order collector heat loss coefficient a1 4.35 W/(m2 K)
Second order collector heat loss coefficient a2 0.01 W/(m2 K2)
Incidence angle modifier Khem 0.91 -
Collector volume content Vcol 1.5 L
Storage volume Vsto 500 L
Storage heat loss Hsto;ls 2.44 W/K

The dynamic hourly simulation according to the EN 15316-4-3 standard method has been
performed on this demonstrative system. The storage tank has been, for the scope of EN 15316-5
calculations, divided in 4 layers of, respectively, 1/6, 1/2, 1/6 and 1/6 of the total volume from bottom
to top. In normal operation, all day long, the back-up generator switches on when the calculated
temperature of layer 3 falls below θsto;set;on;bu = 45 ◦C, and it switches off when the temperatures of
layers 3 and 4 reach θsto;set;on = 60 ◦C.

Figure 6 and 7 show the results of the simulation. The time step is 15 min for daily simulations
and 1 h elsewhere. From one-day details it can be observed that sun path is regularly followed by
the average temperature of the collectors and, as a consequence, by the bottom temperature of the
cylinder. As indicated by literature studies [40] the most pronounced thermal stratification occurs in
correspondence of consumption periods and over night, whereas during loading the temperature tends
to become uniform. The effect of water withdrawals is also observed. Figure 8 shows the distribution
of the main input and output energy flows along the year: the back-up heater is on 60% of the time,
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between late September and mid-April, which is in line with the heating season defined by the Italian
legislation for the climatic zone at hand (Presidential Decree 412 of 26 August 1993, zone E, 15 October
to 15 April). The overall solar energy delivered to the tank is about 4200 kWh/y. The maximum
temperature reached by the solar field is 80 ◦C.

(°
C
)

(h)

Temperature of layer 1
θsto;vol;1

Temperature of layer 2
θsto;vol;2

Temperature of layer 3
θsto;vol;3

Temperature of layer 4
θsto;vol;4

External temperature
θe

Back-up on

Back-up off

Collector temperature
θcol;avg

Figure 6. Results from standard simulation over a year. Time step 1 h. Solar pump running when
Qsol;loop;out ≥ 3 · Psol;pmp · 10−3 · tci. Storage layers numbered from bottom (1) to top (4).
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Figure 7. Results from standard simulation: (a) a winter day; (b) a summer day; (c) spring mid-season;
(d) fall mid-season. Solar pump running when Qsol;loop;out ≥ 3 · Psol;pmp · 10−3 · tci.
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Figure 8. Annual distribution of energies (simulation according to standard).

3.2. Modified Method: On-Off Control

Introducing pump-off when solar collector outlet temperature exceeds θoff = 90 ◦C (case 2 in
Table 1) apparently brings no changes with respect to the standard calculations. This is because the
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solar field temperature never reaches the safety threshold in a well-designed system with uniform
load. However, stressing the system so to explore the influence of different parameters will highlight
new information. For example, a smaller water volume may be set to investigate the possibility of
keeping an existing storage tank instead of replacing/adding a new component. This might be the
case of a renovation or, sometimes, of an attempt to minimize the storage footprint and save valuable
space. Figure 9 shows the impact of using a 200 L storage tank instead of a 500 L volume over the
temperature time series in a hot summer day.

(°
C
)

(h)

(k
W
/m

2
)

Figure 9. The effect of a smaller storage tank on system temperatures in a hot summer day. Time step:
15 min.

The morning withdrawal impacts more on the storage temperature profile because of the smaller
volume. At the maximum insolation the temperature of the solar field rises above the safety threshold
and the pump stops, causing the rapid increase of the fluid temperature almost to the boiling value
which is estimated to be around 168 ◦C at 6 bar. While the pump is off, any DHW withdrawal is
not compensated by solar energy flow and the temperatures in the storage tank fall. The pump is
switched on only in late afternoon, at sunset, when little energy can be transferred to the DHW tank.
As a result, the next withdrawal causes the temperatures to fall again. In particular, the temperature
of layer 3 decreases below θsto;set;on;bu and the back-up source starts to heat the upper layers. In this
configuration, 18% less energy is delivered to the storage tank with 70 h less of solar pump operation.
On the opposite, the back-up works over 300 h more than in the 500 L original situation.

A similar result is obtained increasing the number of collectors from 4 to 6. This might represent
the attempt to cover 100% of the needs April to September instead of May to August. The delivered
solar energy increases by 14% and the back-up source works 30% less time, but the collectors overheat
several times during the summer months (Figure 10).
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(°
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)

(h)

Figure 10. The effect of larger solar surface on system temperatures in summer months. Time step:
15 min.

When the solar fluid flow rate is reduced, the temperature of the solar field is higher and it
increases more evidently during maximum insolation, because less heat is removed from the collectors.
On the other hand, during morning withdrawals the temperature at the bottom of the storage tank
decreases more rapidly because less solar energy is transferred to the water (Figure 11a). With one-tenth
flow rate reduction, 11% less energy is delivered to the water over the year with the pump always
running. The back-up is operated over 1000 h more, mainly concentrated in mid-seasons (Figure 11b).

An example of boiling occurrence is obtained by reducing the collector loop pressure from 6 bar to
3 bar, which causes the reduction of the boiling temperature. Repeating the simulation with 6 collectors,
it was found that the fluid reaches the evaporation condition for three times in July (Figure 12).

(°
C
)

(h)

(k
W
/m

2
)

(a)

08
/0

4,
 0

1:
00

17
/0

4,
 0

9:
00

26
/0

4,
 1

7:
00

06
/0

5,
 0

1:
00

15
/0

5,
 0

9:
00

24
/0

5,
 1

6:
00

03
/0

6,
 0

0:
00

12
/0

6,
 0

8:
00

21
/0

6,
 1

6:
00

01
/0

7,
 0

0:
00

Time (h)

0

0.5

1

B
ac

k
-u

p
 s

ta
tu

s

Full flow rate

08
/0

4,
 0

1:
00

17
/0

4,
 0

9:
00

26
/0

4,
 1

7:
00

06
/0

5,
 0

1:
00

15
/0

5,
 0

9:
00

24
/0

5,
 1

6:
00

03
/0

6,
 0

0:
00

12
/0

6,
 0

8:
00

21
/0

6,
 1

6:
00

01
/0

7,
 0

0:
00

Time (h)

0

0.5

1

B
ac

k
-u

p
 s

ta
tu

s

1/10 flow rate

(b)

Figure 11. The effect of lower flow rate (a) on system temperatures in a hot summer day, and (b) over
the back-up switch-off in spring mid-season. Time step: 15 min.

The suitability of the designed system to a different location or to different consumption profiles
can simply be evaluated by changing the input time series. The necessary information are hourly
irradiance on the collector plane, expressed in watts per square meter, the hourly outdoor air
temperature in degrees Celsius, and the hourly consumption in kilowatthours. As concerns weather
data, different choices are possible, such as considering actual data or artificial reference years, but also
defining “extreme” reference years to analyze the behavior of the system in particularly hot or cold
periods (resilience assessment, [41]). Meaningful daily consumption cycles can be derived from the
Regulation n. 814/2013 [42], where typical load profiles for water heater testing are given. Residential
applications are represented by profiles M to XXL depending on the number of people. Thus varying
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the load profile over the year can be a possible way to take into account different water need conditions.
Completely removing the load for a given summer interval can be used to predict the solar system
behavior during a period of vacation, and to find possible solutions to protect the collectors from
overheating. For example, in Figure 13a it can be observed that, when the load is removed, overheating
occurs immediately and the pump is stopped the first or the second day. Figure 13b shows that, when a
“discharge profile” is created with three close water withdrawals in the sunniest moment of the day,
overheating is prevented.
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C
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(h)

(k
W
/m

2
)

Figure 12. The effect of lower load pressure on system temperatures with an oversized solar field in
summer, resulting in fluid boiling. Time step: 15 min.
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Figure 13. (a) Overheating at the beginning of a summer vacation period (no load). (b) Simulation
with custom discharge profile. Time step: 1 h.

3.3. Influence of Control Strategy

Real-world controllers are more complex than just switching off the pump when a safety
temperature is reached by the fluid. For example, a controller switches off the pump even when
the temperature differential between solar field outlet and bottom layer of the storage tank (“reference
differential”) is low . Moreover, with the widespread diffusion of electronic circulator pumps, even the
simplest controller instantly modulates the speed of the pump based on the reference differential.

Such controls can be easily included in the code by calculating the flow rate based on the simulated
temperatures, but a particular attention must be paid to the time step tci. For example, if a lower
threshold is introduced for the reference differential, below which the pump is switched off, the results
of the simulation can be extremely different according to the time step, as shown in Figure 14.
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Figure 14. The effect of the time step on simulations featuring lower reference differential threshold
(0 K): (a) tci = 1 h, and (b) tci = 5 min.

The reason of this behavior lies in the quick variation of solar irradiance and in the too long time
step compared to the circuit time constant: as the sun goes up, the temperature of the solar field grows
rapidly; if the time step is too large the code may calculate a too large increase in the temperature of
the collectors, and this would cause the pump to stop (Figure 14a). The result is completely misleading,
as it would predict the waste of the solar energy and, paradoxically, the extensive intervention of the
back-up generator in the sunniest days. A more realistic trend is shown in Figure 14b, where the only
variation is the reduction of the time step from 1 h to 5 min.

A similar idea applies to the modulating control. A simple proportional model has been included
in which the pump speed is varied linearly from 0% to 100% with the reference differential varying
from 0 to 10 K. In this case, with hourly time step the oscillation of the proportional control results
amplified when the sun rises and canceled when it sets (Figure 15a), whereas a more realistic behavior is
represented in Figure 15b. The oscillations can be reduced by decreasing the slope of the proportionality
curve, but in this case the pump would run at lower speeds and the delivered energy would decrease.
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Figure 15. The effect of the time step on simulations featuring modulating control: (a) toci = 1 h,
and (b) toci = 5 s.

The pump is estimated to work only 38% of the year and almost always in modulation. Figure 16
shows the normalized distribution of the modulation levels over the pump yearly operation time.
For example, the pump runs between 28% and 32% modulation for 9% of the running time, that is,
for 3.4% of the year. With modulating control, the delivered solar energy decreases by less than 5%.
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Figure 16. Normalized distribution of modulation levels when the pump is on (38% of time over the
year). Bin width: 4%.

4. Discussion

The investigated method is a non-invasive addition to the standard framework, handled through
an initial decision (“Calculation according to standard? Yes/No”) and the automatic check of the
solution case. The benefit of this approach lies in that the impact of different parameters and design
choices can be explored, and evaluations can be made on both hourly and annual analyses.

In (Figure 17) several simulations are compared in terms of solar pump and back-up annual
operation times and solar energy delivered to the storage tank, whose values have been normalized
over the corresponding values obtained from the standard simulation. The time step is one hour unless
otherwise specified. For the “On-off” simulations, no lower reference differential threshold has been
set. It can be observed that:

• the pump works almost all the time except in the case of modulating control: moreover, with this
control the pump works above 95% only 4% of the time; this highlights the benefit of efficient
variable speed control for these applications using modern electronic pumps;

• the reduction of the back-up operating time is linked to the increase in the captured solar energy,
either due to the addition of collectors or to the sunnier geographical location (such as Lampedusa,
one of the three Southern Italy’s localities in Italian climatic zone A): the higher the delivered
solar energy, the lower the back-up operating time;

• on the other hand, back-up operating time increases as the storage tank volume or the flow rate
are decreased.

Figure 17 also shows the occurrences of pump stops, whose number increases as a result of
inaccurate design choices like oversizing the solar field or undersizing the storage tank. Interestingly,
the simulation in a sunnier location does not display significant overheating occurrences, the reason
being that the selected location features higher temperatures and solar energy availability than
Northern Italy in winter and mid-seasons (hence the strong reduction in back-up operating time),
but comparable peak irradiances in summer.

It is worth remarking that the calculation code generates arrays containing values at each time
step for all the relevant variables, including, among others: heat generated in the collector absorber;
collector loop heat output (useful solar energy); collector efficiency; average collector temperature;
average temperatures of the storage layers; pump status (0 or 1 in case of on–off control, or a value
between 0 and 1 in case of modulating control); back-up energy input. These data, together with
outdoor temperature, irradiance and energy demand for hot water, give the possibility to perform
many detailed analyses and to look for correlations (for example, between weather data and stored
energy, or between stratification and storage efficiency).
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Figure 17. Comparison between yearly simulation results in different conditions. Pump working hours,
back-up working hours and delivered solar energy are normalized over the corresponding values
obtained for “Standard” simulation.

5. Conclusions

Thermal solar solution is an interesting way to exploit renewable sources, especially for domestic
hot water preparation, but the system must be sized correctly to extend its lifespan as much as possible.
EPB standards offer a sufficiently complete framework to perform dynamic calculations; adding the
calculation for pump stops and modulation allows to evaluate the influence of several parameters
and to use this approach also as a design tool. In particular, the simple addition of the simulation of
pump stops due to overtemperature, the increased risk of stagnation deriving from increased solar
field surface or decreased storage volume could be quantified. The solar fluid flow rate seems a less
influencing parameter, although its reduction increases the operation time of the back-up heater in
mid-seasons. The complete cancellation of domestic hot water needs to simulate periods of summer
holidays shows that stagnation is very likely to occur in these circumstances unless precautions are
taken, such as the installation of collector shutters or the timed discharge of part of the heated water.
The enhanced method proposed in this work proved to be flexible and to provide helpful information.
If detailed investigation on control strategy is to be performed, the time step must be reduced far
below the hour in order to have realistic results.

Possible future developments include: modeling the superheating stage for those situations in
which boiling cannot be avoided and for life cycle evaluations; applying the method to combined
domestic hot water and space heating services; adding models of more complex control types,
to estimate the associate pros and cons and electric power consumption; and, finally, modeling a
more realistic back-up heater with a limited power, which might be very helpful in non-residential
applications such as hotels, where the back-up heater is often a heat pump and where there are severe
load peaks in the morning and in the evening.
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Nomenclature

Symbols
tci Calculation interval h
Q Thermal energy kWh
Q̇ Thermal energy flow W
I Solar irradiance W/m2

θ Temperature ◦C
T Absolute temperature K
T∗ Reduced temperature of the collector (m2 K)/W
Acol Collector reference area m2

η0 Collector zero-loss efficiency -
ηcol Collector efficiency -
a1 First-order heat loss coefficient W/(m2 K)
a2 Second-order heat loss coefficient W/(m2 K2)
Khem Incidence angle modifier at 50◦ -
(mc)eff Effective heat capacity of the collector J/K
ṁ Solar fluid mass flow rate kg/s
cp Solar fluid specific heat J/(kg K)
V Volume L
H Heat loss W/K
P Electric power W
Subscripts
h Hourly
m Monthly
avg Average
boil Boiling
bu Back-up
col Collector
dis Distribution
e External
eff Effective
evap Evaporated
ls Losses
min Minimum
nd Need
off Off
on On
out Output
pmp Pump
set Thermostat setting
sol Solar
sto Storage
vol Volume
W Domestic water heating
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