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ABSTRACT A solar fagade panel area [m2]
The goal of this paper is to present a dynamic C thermal capacity [kJ/K]
model of an integrated energy system based on D condenser width [m]
Near-InfraRed facade panels and their validation. dt infinitesimal time interval
The innovative solution has been developed in the E Sfe;'ﬁ';en:r;alpyf“/kg] fficient [W/(m?K)]
framework of the ‘ENVISION’ European Project L Eoondaen;i Ie?;;?:nioe clen m
funded by the EU H2020 Programme. The whole M mass of refrigerant [kg]
system integrates the ENVISION facade panels p Power
with a mGT, a prototype heat pump, and two p Pressure
thermal storages composing an innovative Q heat power [W]
microgrid. This paper briefly describes the whole Rad solar radiation [W/m2]
system and the model of each component T temperature [K]
together with the main characteristic equations. X mass title
The work is mainly focused on the model m mass flow rate [kg/s]
development and validation of the solar-faced % specific heat capacity [J/(kgK)]:
panels’ systems and the heat pump and its single Acona  two-phase heat exchange length [m]
. Ag desuperheater heat exchange length [m]:
components. The model will be used to evaluate AT logarithmic mean temperature difference
. .. mi g p
the impact of the temperature variation of the K]
warm water produced by the panels over the heat n Efficiency
pump performance and responsivity and to define € expansion ratio [-]
the proper integration strategy. The validation of Beomp ~ compressor ratio [-]
the solar fagade panels model and the HP model Vpina  Wind speed [m/s]
has been carried out using experimental data and Q parameter defined within the ‘ENVISION’
the results showed that the realized models have consortium
reliability of more than 98%. o heat exchanger mass [kg]
Cp hx specific heat capacity of Heat Exchanger
Keywords: solar energy, NIR solar fagade panels, material [J/(kgK)): )
. ] )] mass of the condensate in the two-phase
integrated system, dynamic model, model zone [ke]
validation. a parameter defined within the ‘ENVISION’
NOMENCLATURE consortium
Abbreviations and Acronyms B parameter defined within the ‘ENVISION’
CHP Combined Heat and Power consortium
cop Coefficient of Performances polyn(nm m-th value of polynomial n [-]
DHN District Heating Network Subscript
EMS Energy Management System s desuperheater
HP Heat Pump b two-phases
mGT Micro-Gas Turbine [ subcooling
MPC Model Predictive Control W water
NIR Near Infrared Radiation r refrigerant
SocC State of Charge cond condenser
TES Thermal Energy Storage eva evaporator
T Tesla Turbine comp compressor
is isentropic
Symbols vap saturated vapor




lig saturated liquid

alt alternator

amb ambient

old value at instant t-1

valve isenthalpic valve

tot total

loss losses

real actual value

el electrical

th thermal

mix mixture H20+Glycol

fuel natural gas

w,in water inlet

1w water at two-phase inlet region
2w water at two-phase outlet region
3w water at condenser outlet

1r refrigerant at condenser outlet
2,r refrigerant at two-phase region
3,r refrigerant at condenser outlet
ml average logarithmic

1. INTRODUCTION

To achieve the objectives set in the European
Green Deal by 2050 [1] in terms of reduction of
CO; emissions, ‘ENVISION’ proposed a new way to
harvest solar energy from all building surfaces.
Solar facade panels working by absorbing the
invisible part of the solar radiation, the near-

infrared (NIR) one, constituting roughly 50% of the
solar energy spectrum have been realized in the
framework of this project [2]. The panels have
been installed at the Savona Campus which is the
‘ENVISION’ Southern Demosite and, to exploit in
the best way the harvested energy, the NIR panels
have been coupled with other components to give
rise to an integrated system able of satisfying part
of the thermal and electrical demand of the
Campus. The system is composed of facade
panels, a micro-gas turbine, an innovative heat
pump, two thermal energy storages, and thermal
dissipators, in fact, it is also connected to the
Campus district heating network and to the
Campus microgrid. The panels whose maximum
temperature is expected to be around 45°C
represent the low-temperature source of a heat
pump which acts as a temperature booster to
reach the Campus DHN required water
temperature. The mGT and the HP are both
directly connected to the DHN, and a TES is
present in order to store thermal energy to be
released during the night hours or to cover the
peak demand. The other TES is present to mitigate
the solar fluctuation on the HP. A schematic
representation of the system is reported in Fig.1
which shows the working principle.
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Fig.1 — Savona University Campus ‘ENVISION’ Integrated System Plant Layout

The Campus DHN is a 3™ generation one requiring a
temperature of 75-80°C whereas the panels are able to
provide a water range temperature between 20°C and
40°C depending on wheatear conditions. For this
reason, the HP is a crucial component to comply with

the Campus thermal grid requirements. The HP
working principle is reported in Fig. 2. Moreover, the
HP is also equipped with a Tesla Turbine (TT), installed
in parallel with the isenthalpic valve allowing to
operate in two possible configurations: the traditional



one or the “high-efficiency” one in which the TT
expander produces mechanical power increasing the
HP COP [3].

FROM DHN

TO THE PANELS

FROM THE PANELS
Fig.2—HP traditional configuration scheme

Both TES has a volume of 5 m? and the CHP unit size
is 100 kWe/160kWth to provide both electric and
thermal power [4]. Even more, thermal dissipators are
present to allow tests to be conducted even when the
plant is not connected to the DHN.

The models of these components have been
developed in MATLAB/Simulink; a description of each
model is reported in the following.

2. HEAT PUMP DYNAMIC MODEL

In this section, the models of the HP components will
be presented reporting all the constitutive equations of
each component used to guarantee a detailed
characterization of the whole HP. In the model, all the
thermodynamic points are calculated, instant by
instant, within MATLAB/Simulink with the help of
REFPROP tool [5]. The state of a thermodynamic
system in equilibrium can be described with a finite
number of parameters and REFPROP allows, starting
from two parameters, to obtain the third state
variable. The equations are solved within the model
using ODE45 (Dormand-Prince) solver in variable-step
approach using a relative tolerance equal to 0.001.

2.1. Condenser

To model this component a “two step approach” has
been developed: firstly a static solution needs to be
found and then it is used as input in the dynamic
equations.

The static solution includes two calculation loops:
the first is simplified and provides the first guess to the
second, which calculates the exact solution by solving
a system of nonlinear equations as shown in Fig.3.
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Fig.3—Heat exchangers calculation logic
The condenser inputs are:
e T, in [K]: water condenser inlet temperature.
o 1y, [kg/s]: water mass flow rate.
* ¢, [J/(kgK)]: water specific heat.
e hy, [J/kgl: refrigerant specific enthalpy at the
condenser inlet.
e T, [K]: refrigerant condenser inlet temperature.
o 1, [kg/s]: refrigerant mass flow rate.
The initial condition is provided by
o T.ona [Kl: refrigerant temperature during the
change of isothermal state, from which the p.ona
and the refrigerant specific enthalpies are obtained
at points 2r (h; ;) and 3r (h3 ;).
The characteristic parameters of this model are as
follows:
e L [m]: condenser length.
e D [m]: condenser width.
e K, [W/(m?K)]: global desuperheater heat transfer

coefficient.

e K, [W/(m?K)]: global two-phases heat transfer
coefficient.

e K; [W/(m*K)]: global subcooling heat transfer
coefficient.

Static solution:

The first guess is calculated with the following
equations, in bold text the unknown variables that
provide the condenser outputs:

Ql =m, (h3,r - hout)
Qb,w = mr (hz,r - h3,r)
Qs = m, (hl,r - hz,r)

Tl,w = Tw,in +




Tz = T +
w 1w .
m,, Cp,w
T Ty + —28
3w — 12w .
my pr

Acond =1L [1 - (ﬁ>:|
Qb,w + Qs + Ql

lv =1L [1 - (M>:|
Qb,w + Qs + Ql

Below, the nonlinear equations system that is solved
by the MATLAB function fsolve is reported. It uses as a
starting point the result of the aforementioned
simplified calculation:

: (Tcond - TZ w) - (Tcond - Tl w)
=K, 2 D - .

Qb,w b cond (Tcond _ Tz‘w)

(Tcond - Tl,w)

In

Qb’w = mw pr (TZ,W —_ Tl,W)

Qb,w = m, (hZT - h3r)

QS = Ks (A—v)D (TLT _ T3'W) — (T(Jond — TZ‘W)
ln (T].T - T3,W)

(Tcond - TZ,w)

Qs = m, (hl,r - hz,r)
Qs = mw Cp,w (T3,w - TZ,W)
Ql = Ki(L =2, — Acona)D
(Tcond - TZ,W) - (Tcond - Tl,w)
In (Tcond - TZ,w)
(Tcond - Tl,w)

Ql = m, Cpw (Tl,w - Tw,in)

Dynamic solution:

The water temperatures previous calculated enter
through the AT,,; into the condenser energy balance,
which takes as control volume the refrigerant fluid in
condensation. Through these equations the refrigerant
condensation and outlet temperatures are known for
each time interval:

ATml,cond
— (Tcond,old - TZ,W) - (Tcond,old - Tl,w)
In (Tcond,old - TZ,W)
(Tcond,old - Tl,w)

mr (hz,'r - h3,r) - Kb Acond D ATml,cond

T, = At
cond,new
¢ Cpr+ 0 Cpnx
+ Tcond,old
AT our =
(Tcond,old - Tl,w) - (Tout,cond,old - w,in)
In (Tcond,old - Tl,w)

(Tout,cond,old - Tw,in)

Tou tr,new =

mr (h3,r - houtr,cond) - Kl (L - Acond - AU)D ATml,out
Mr,cond,out *Cpri +6- Cphx

At

+ Toutr,old

2.2. Evaporator

The evaporator has been modelized with the same
condenser logic keeping in consideration that in this
heat exchanger only the two-phase and the
superheated regions are present.

2.3. Compressor

This component is responsible for the heat pump
mass flow regulation. This compressor works at a fixed
rotational speed and the main inputs are:

. the pressure from the evaporator.

. the pressure from the condenser.

The main outputs instead are:

° the compressor outlet temperature.

° the working fluid mass flow rate.

The compressor outlet temperature is depending on
the compressor efficiency and, to be coherent with the
datasheet provided by the manufacturer, has been set
1 =65.19%

Therefore, the outlet compressor temperature is
calculated starting from the outlet enthalpy
calculation:

hcomp,out,is - hcomp,in

hcomp,out = hcomp,in +
Ncomp

The compressor maps have been implemented in
Simulink compressor model by using a 1D look-up table
which takes as input the compression ratio and gave as
output the refrigerant mass flow rate based on the
data provided by the manufacturer.

pcond,in
f=—
peva,out

A fluid dynamic delay has been implemented
considering a first-order delay of 10s on the mass flow
rate and enthalpy by implementing a Laplace Transfer
Function as reported in Fig.4[6].

1 1
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Fig.4—Compressor dynamic
The compressor power has been calculated as
follows:

Pcomp = my (hcomp,out - hcomp,in)

2.4. Expansion valve or tesla turbine



As already said if the HP works in a traditional way,
an expansion valve is used to close the cycle through
an iso-enthalpic expansion otherwise, to close the
cycle, the expansion can be carried out by using the
Tesla turbine installed in series with an expansion
valve. In this latter case the enthalpy difference will
increase and so also the HP COP will be higher since the
outlet temperature will be lower.

2.4.1 Traditional configuration

The expansion valve is the component that, thanks
to a reduced section passage, generates a pressure
drop and brings the refrigerant fluid to the low
pressures necessary for the evaporation at low
temperature. In the model this component does not
calculate the flow rate from the pressure information
coming from the evaporator and the condenser, but
only generates a delay of the flow information coming
from the compressor.

The expansion valve inputs are:
®  D.ua [kPa]: expansion valve outlet pressure.

e h;, [J/kgl: inlet specific enthalpy.
o 1 [kg/s]: expansion valve mass flow rate.
o h,yue= hin [I/kgl: isoenthalpy transformation.

The outgoing R134a title has been calculated as
follows:

hvalve,out - hvalve,liq

hvalve,vap - hvalve,liq
Analogously at the compressor, a delay is then
defined in order to estimate the dynamic of the system
which corresponds to a fluidynamic first-order delay of
20s which also takes into consideration the time
required to fill and emptying the heat exchangers as a
consequence of the inlet mass flow rate change [6].

2.4.1. Tesla turbine and expansion valve

In this case the expansion is performed by the Tesla
turbine. To model the expander the inputs parameters
are, as follow:

€ [-]: expansion ratio.

Py, [kPa]: Tesla expander inlet pressure.

T;y, [kPa): Tesla expander inlet temperature.

h;y, [1/kgl: inlet specific enthalpy.

m [kg/s]: Tesla expander mass flow rate.

By using "REFPROP" it is possible to obtain the
outlets:

Dout [kPa]: Tesla expander outlet pressure.

T,ut [kPa]: Tesla expander outlet temperature.

hout [3/kg]: outlet specific enthalpy.

The produced electrical power is then calculated as
follow:
Ptesla = mr(htesla,out - htesla,in) *Nalt
The dynamics of this component has been
implemented in a similar way to what has been seen
for compressor and isenthalpic valve.

3. SOLAR FACADE PANELS DYNAMIC MODEL

The solar facade panels have been modelled in
Matlab/Simulink with time-variant energy equations,
using as inputs the ambient parameters measured at
the Savona Campus (such as solar radiation, air
temperature and wind velocity), the mass flow rate,
the panels area and the water inlet temperature. The
energy absorbed by the fluid flowing through the panel
pipes is provided as a function of the solar radiation
and the panels efficiency. An experimental correlation
between the solar radiation on a vertical surface and
the panel thermal efficiency (heat absorbed vs solar
radiation) has been provided for each panel color [7].
The main outputs of the model are the water outlet
temperature coming out from each panel-couple
together with the heat flux and the panel's thermal
efficiency. The solar facade panels model characteristic
equations are the following:

_ Tpanel,in - Tpanel,out,t—l
Tpanel,mean,t—l - 2

_ Tpanel,mean,t—l - Tair
Rad
Npanel = OX + B

To determine the T,,.. the following equations
have been implemented:

) Qpanel,tot = Rad * n
Qpc}nel,loss = qu * vwi.nd * ()
Qpanel,real = Qeff — Quoss
Tout =
C/dT*Tmean,t—l+(Qreal*A)+me*Tin_C/(2*dT*Tin)

mvﬁlx*cp‘*c/(z*dT)
4. TES DYNAMIC MODEL

Both thermal energy storages have been modelized
according to 1D model approach using TRANSEO, an
original simulation tool developed by Thermochemical
Power Group [8],[9] and then implemented in
Matlab/Simulink. The TES model logic has been
implemented considering the water stratification along
with the storage which is a theme often addressed by
the Thermochemical Power Group both in terms of
physical phenomena [10],[11],[12] and modelling


https://www.sciencedirect.com/science/article/pii/S0306261917318536?casa_token=umWgxZQezqQAAAAA:rCA6mXEnES8QvA5JSt2K67AXhdfroPYHFJCvmO6QUnC_F6t2brPAkHtkzslBN5O_lyk1m4M3#b0125

approach [13],[14]. The TES dynamic model has been
already validated by the TPG [14] and in Fig. 5 an
example of the graphical result of the model outputs in
terms of temperature variation inside the storage is
reported together with a simplified representation of
the water stratification inside the tank.

The TES connected to the DHN is considered fully
charged when the water temperature inside it is at
80°C whereas the one connected to the panels is fully
charged as soon as the water temperature reaches
45°C.

TES TEMPERATURES PROFILE
T T T T

TEMPERATURE [K]

Time (seconds) x104

Fig.5—TES water stratification
5. MGT MODEL

Several studies have been available in the literature
about the micro-gas turbine dynamic model
[15],[16],[17] together with some works of the authors’
research group [18],[19],[20]. Based on the expertise of
the authors’ research group and of an already
developed dynamic model for mGT, the AE-T100
micro-gas turbine has been modelled using a simplified
approach based on polynomial correlation obtained by
the analysis of the characteristic curves provided by the
manufacturer. In this way, the running time will be
much shorter making possible a further integration of
an MPC that, together with an EMS, will allow the best
exploitation of the produced thermal and electrical
energy.

Fig.6 reports the electrical output and the electrical
efficiency of the AE-T100 as function of the air inlet
temperature

Electrical output | | |

| [Electrical efficiency |

Electrical output [kW]
Electrical efficiency [%)]

Air temperature at air inlet flange of T100 unit [°C]
Fig.6 — mGT electrical power output and efficiency as a
function of air inlet temperature

The maximum electrical and thermal power
produced and the maximum efficiency as a function of
the ambient temperature have been firstly defined
through the following equations:

e If the ambient temperature is higher than 10°C:
NMmetmax = POLY1(1) * Ty + polyl(2)
PmGT,el,max = poly2(1) *Tomp + pOIyZ(Z)
PmGT,th,max = pOly3(1) * amb3 + p01y3(2)

* Tamb2 + p0ly3(4') *Lamb
+ poly3(4)
e If the ambient temperature is lower than 10°C:
Pt et max = 100 % 1.075
Nmermax = 1.025 % 0.3

Considering the mGT maximum electrical power
equal to the real power provided by the machine, the
real efficiency, the real natural gas mass flow rate, and
the real thermal power are then calculated depending
on Pugreimax and Tgpymp by using polynomial
correlation keeping in consideration the correction
factor provided by the manufacturer:

. If load >20%

Pel,,ax

Mpyer = load * m
PmGT,th,real = (p0ly3(1) * amb3 + p01y3(2)
* amb2 + p01y3(3) * Lamb
+ poly3(4)) * (poly4(1) * load
+poly4(2))
NmGT,real = NmGT,max * p0ly5(1) * load?
+ poly5(2) * load? + poly5(3)
* load + poly5(4)
o Ifload <20%
the equations are the same as before with
PmGT,el,real =25 kW



6. VALIDATION

The HP and the solar facade panels’” models have
been validated based on experimental data obtained
during the tests performed in April and May 2022.
Graphical results comparing model data with the
experimental ones will be provided below.

6.1. Solar fagade panels model validation

The measured solar radiation profile during a test
performed on April 27, 2022 is reported in Fig. 7 with
the blue line; black dotted lines instead represent the
measurement error of the pyranometer (2%). A generic
couple of white panels provides the water outlet
temperatures reported in Fig. 8 with the blue line. The
red line represents, instead, the water outlet
temperature profile calculated by the model. In Fig. 9
the same comparison has been represented regarding
grey solar facade panels. In both graphs, dotted lines
represent the maximum admissible error of 5%. As can
be noticed, in both the analysed cases and especially
for grey solar fagcade panels, the modelled temperature
profile is more jagged than the measured value. This
behaviour is because the input signal of the water inlet
temperature is slightly disturbed and therefore it
impacts the resulting the outlet water temperature
behaviour of the model. As depicted in Fig. 8 and Fig. 9,
the model is very accurate and able to reproduce the
real panels’ behaviour, making an error much lower
than 5%.
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Fig.9 — Grey solar facade panels water outlet
temperature: model vs experiment

6.2. Heat Pump model validation

Fig.10 and Fig.11 report the water HP temperatures
and the related mass flow rate, respectively. The data
has been measured during a test performed on May
11, 2022.
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Fig. 12 and Fig. 13 report, the evaporator outlet
temperature and the condenser outlet temperature of
the HP provided by the model and compared to the
experimental data for given input data (i.e condenser
and evaporator inlet temperature and related mass
flow rate as reported in Fig. 10 and 11). The blue lines
represent the experimental data whereas the red ones
show the model data. Black dotted lines report the
maximum admissible error in order to validate the
model (i.e. 5%).
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Fig.12 — Evaporator water outlet temperature: model
vs experiment
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Fig.13 — Condenser water outlet temperature: model
vs experiment

The model is able to respect the behaviour of the
real system, especially varying the mass flow rate at the
condenser it can be said that the model response is in
line with what has been experimentally measured. The
difference between the measured and modelled value
is always lower than the maximum admissible error

(5%) and indeed the maximum error value is about 2%.
The model is completely able also to respect the
behavior of the internal refrigerant cycle. In the
following graphs the R134a condensation and
evaporation temperatures are reported (Fig. 14 and
Fig. 15) together with the inlet and outlet compressor
temperatures (Fig.16 and Fig. 17).
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Fig.17 — R134a compressor outlet temperature: model
vs experiment

The model error, even in this case, is always lower
than 5% settling on a maximum value of about 2.5%.

The TES and the mGT dynamic models are not
reported here since they have been already validated
by previous studies made by the authors’ research
group [8,14]

7. CONCLUSION

The HP and solar facade solar panels have been
successfully validated through experimental data
obtained during a test campaign in 2022. The thermo-
resistances used for the HP model validation have a
tolerance of +0.15 ° C and the realized model
developed in Matlab-Simulink® has a reliability of 98%.
The HP dynamic model includes all the components of
the HP closed loop, making it possible to simulate its
performance and monitor all the main process
parameters. Moreover, this model can be used to
simulate the HP in various conditions following the
inputs changes and thanks to the moving boundary
approach used to model the condenser and the
evaporator it is possible to compute pressure and
temperature also in the internal sections of the heat
exchangers. Concerning the solar facade panels model,
as the solar radiation sensor measurement error is 2%,
the realized model has a reliability of 99%. The
validation of the two models also allows the possibility
to emulate different scenarios in a cyber-physical way
in order to find out the best configuration for a specific
need. The developed HP model is very flexible and
allows effortlessly to emulate the behaviour of other
heat pumps of different sizes and working fluid. This is
a fundamental result that ensures the possibility to
simulate the whole ‘ENVISION’ integrated system with
very high accuracy and reliability. In the next activities,
the model of the whole system will be developed by
integrating the detailed models of the single
components. This will allow for further analysis and
optimisation of the ENVISION concept in different
scenarios. Moreover, the development of an energy
management system (EMS) and the model predictive
control (MPC) to satisfy different electrical and thermal
demands will be performed.
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