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ABSTRACT

In the future, renewable energy sources will increasingly represent an efficient energy source
capable of meeting the demands of residential and industrial buildings avoiding the emissions
of greenhouse gases into the atmosphere. In this paper, a heat and electric power cogeneration
plant implementing a field of dish-Stirling collectors, a seasonal geothermal storage and a
system of water-to-water heat pumps is proposed for the first time. The cogeneration plant has
been designed both to supply thermal energy to the heating system of Building 9 of the
Department of Engineering in Palermo and to produce electricity. The operation of the plant
has been tested by means of hourly-based numerical simulations that have been carried out
using a numerical model implemented with Transient System Simulation Tool. The
experimental data of a pilot dish-Stirling collector, located in the same area, has been used to

carefully calibrate the numerical model. Using energy and economic performance indicators, it
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was possible to select the best configurations among 1440 analysed cases. Results of
simulations show that with the best plant configuration, it is possible to cover 97% of the
building's annual thermal loads with energy produced by the solar system. The remaining 64%
of electrical energy produced by the electric engines is free to be used for other applications.
Financial analyses have shown that market penetration of this type of plant would need a strong

support through incentives.

KEYWORDS
CSP technology, dish-Stirling concentrator, cogeneration, geothermal systems, thermal energy

storage systems.

HIGHLIGHTS
e Layout for a dish-Stirling coupled to a geothermal storage system presented
e Energy performance of the cogenerative solar concentrator presented
¢ Influence of several physical parameters investigated to optimise the system
e Identification of a incentivisation policy for a cogenerative dish-Stirling plant

e Evaluation of energy and economic viability of the cogenerative layout

1. INTRODUCTION

Much research nowadays focuses on climate change due essentially to continuous, massive
emissions of Greenhouse Gases (GHG) into the atmosphere. The increase in global average
temperature and greenhouse gas concentrations continues to grow [1] and there is a strong
correlation between fossil fuel energy production and climate change. The main human
activities that give rise to CO2 emissions are: energy production by transformation and
combustion of fossil fuels, and energy use in industry, transport, and heating and cooling of
buildings [2]. In particular, the energy needs of the building are essentially dependent on the
performance of the employed heating system [3], on the building envelope characteristics, but
also on the climatic conditions of the site where it is located [4]. Renewable sources, such as
wind and solar, represent a valid alternative to fossil fuels [5], and would efficiently satisfy the
energy demand of residential and industrial buildings, both saving energy and avoiding
emissions into the atmosphere [6]. The major challenge for technologies that use renewable
sources is that of matching the fluctuation of energy production to the energy demand [7]. In

fact, compared to traditional power plants, the large variability in the end-user demands



(electricity, heating and cooling energy), coupled with the uncertainty in solar and wind energy
availability, requires the adoption of energy storage systems for dampening the intermittency
problems and for performing peak shaving [8]. In this framework, Concentrating Solar Power
(CSP) is one of the most interesting and efficient technologies used to produce heat and
electricity by Renewable Energy Sources (RES) [9]. There are four main CSP technologies:
parabolic trough collector systems; linear Fresnel reflector systems; central receiver tower
systems; and parabolic dish collector systems [12].

Among CSP systems, the parabolic dish concentrator is the most efficient technology in the
conversion of solar energy into thermal energy [13]. Usually, parabolic dish collectors are
coupled with a Stirling engine, an alternative, external combustion engine mounted on the focal
point of the dish, in which the working fluid performs the homonymous cycle [14]. CSP systems
have the best performance when installed in locations with high DNI levels [15], since direct
sunlight is the main meteorological parameter that most affects the energy yield of such systems
[16]. Dish-Stirling systems can be used in many applications [9], such as: in micro-cogeneration
to generate heat and electricity simultaneously [17]; in integration with heating, ventilation and
air conditioning technology to fulfil the heating, cooling, electricity and domestic hot water
demands of a residential building [18]; in integration with thermal energy storage [19] or
hybridisation using other RES [20]; in standalone power generation to bring electricity to
remote rural areas [21]; in centralised power generation [22]; and in potable water production
[23] and water pumping [24].

The exploitation of waste low-temperature heat from a Stirling engine that could be used to
cover the winter heating load of buildings [18]. It is, however, necessary to resolve the usual
mismatch between the thermal energy production (summer) and the thermal energy demand
periods (winter) through a Seasonal Thermal Energy Storage system (STES) [25]. In this
framework, geothermal plants can be considered a promising residential heating source due to
its high efficiency [26] for example installing a solar-assisted ground source heat pump as
described in [27] and [28]. There are different types of STES systems [29], such as: Hot Water
Thermal Energy Storage (HWTES); Gravel-Water thermal energy storage (GWTES); Aquifer
Thermal Energy Storage (ATES); and Borehole Thermal Energy Storage (BTES).

HWTES systems store hot water inside a tank with a reinforced concrete structure which can
be buried in the ground. The tank is provided with thermal insulation in order to minimise heat
losses to the environment [29]. Similarly, GWTES systems store heat inside a reinforced

concrete and thermally insulated tank, but contain a mixture of water and gravel [29]. This
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mixture is characterised by a lower specific heat compared to water and, therefore, considering
the same thermal energy storage, GWTES systems are larger than HWTES systems [30]. ATES
systems are an interesting alternative because it is not necessary to build a reinforced concrete
tank nor to excavate a site in which to bury it as ATES heat storage exploits already existing
aquifers in the subsoil [30]. Finally, BTES systems use soil as the storage medium. In this case,
the heat is transferred to the soil by a system of distributed vertical geothermal exchangers [31].
The heat transfer fluid, usually a solution of water and glycol, flows along the borehole
exchanger charging and discharging the soil creating a radial temperature gradient that reduces
the external heat losses to the undisturbed cooler soil surrounding the storage volume. The
BTES system can also be thermally insulated on the upper boundary surface in order to limit
the influence of external climate conditions and to minimise the upper thermal losses [32].
Among the aforementioned sensible thermal energy storage systems, BTES systems are the
most suited to be coupled with dish-Stirling CSP technology because of: the low operating
temperature, the relative ease of installation, the moderate investment needed to realise the
geothermal field [33], and the medium-high value of storage yield [29], since thermal energy
losses in the environment are limited as a result of the low enthalpy that characterises the storage
process and therefore the low temperature of the heat transfer fluid used. BTES plants are
already widely used worldwide [34]. In Sweden, several single-U boreholes have been installed
in a parking lot and have been used for both summer and winter air conditioning in a university
building since 2001 [35].

At present, to the authors’ knowledge, it is possible to find in the literature studies on the use
of a dish-Stirling system in a cogeneration setup [36], but there are no studies in particular
investigating the possibility of coupling the dish-Stirling solar concentrator to the seasonal
boreholes storage system. Examining the dish-Stirling system currently installed on the
University campus of Palermo and Building 9 of the Engineering Department next to the site
where the same production system is located, this article proposes a layout of the Combined
Heat and Power (CHP) plant in order to meet the space heating load of Building 9 through the
low-temperature waste heat from the Stirling engine. The proposed plant layout includes: a
number of dish-Stirling units for the production of electricity and heat; a BTES-type seasonal
thermal storage system with a number of possible geometries; two heat pumps; and a thermal
user consisting of Building 9 where the natural gas boiler is kept as an auxiliary system.
According to the research exposed in this work, the proposed cogeneration plant layout would

completely satisfy the thermal energy needs of the building considered, obtaining significant
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energy savings and large amounts of avoided CO2 emissions. However, the economic feasibility
of these systems is strongly correlated to the ability to optimise the plant configuration so that
the proceeds of energy sales and the energy savings, obtained over the operating life of the
plant, can balance the total cost of installation. For this reason, an incentivisation scheme is
proposed in order to encourage commercial penetration in the residential sector of the examined
CHP system.

2. DESCRIPTION OF PROPOSED COGENERATIVE LAYOUT AND

ITS OPERATION
The proposed system is essentially a combination of a Concentrating Solar Power (CSP) and a

Borehole Thermal Energy Storage (BTES) system. The CSP plant produces electricity mainly
during the summer period. The waste heat produced during the operation of the CSP system is
used to heat a volume of soil through a system of geothermal heat exchangers. The thermal
energy stored during the summer period is partially recovered from the soil during the winter
period, and is used as a cold heat source for the heat pump system providing the heating of the

building.
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Figure 1: Schematic representation of the proposed CHP plant.

Figure 1 shows the layout of the proposed system with its different components:

A CSP collector system consists of dish-Stirling units. Each unit is characterised by a rated
electrical output power of about 30 kWe (corresponding to a rated DNI of about 960 W/m?
[37]. The electric generators of the units are connected to the electric grid through a bi-

directional energy meter, while the closed cooling circuits of the Stirling engines are

connected to a Short-Term Thermal Energy Storage (STTES).

A BTES system consists of a system of vertical ground-coupled heat exchangers with a
double-U configuration, spatially distributed in the soil volume along concentric rings. The
terminals of the closed circuit of the BTES exchanger pipes are connected to the STTES.

Two water-to-water heat pumps are connected in parallel (with nominal heating capacities
of 200 kWi and 300 kWi respectively). The cold side of this system is connected to the
STTES while the hot side transfers heat to the heating system of the building through a

thermal heat exchanger.



- An STTES (with a volume of about 4 m®) acts as a hydraulic disconnector between the
closed circuits of the Stirling engine’s cooling system, the BTES, and the hot sides of the
thermal exchangers of the heat pump evaporators.

- The closed circuit of the building's heating system is realised by connecting a heat
exchanger to the condensers of the heat pumps, a conventional (gas-fired) backup boiler
and hydronic terminals made with a system of fan coils.

The central element of the proposed plant is the system of dish-Stirling solar collectors
generating the electricity that is injected into the national grid. The bidirectional meter is
necessary because the CSP collectors during their operation, also consume a small amount of
energy for the electrical parasitic absorption related to the operations of both the sun tracking
system and the circulation pumps of the Stirling engine cooling system. The net electrical power
produced by the dish-Stirling plant is usually linearly correlated to the value of DNI, as shown
in the literature for this type of system [37]. On the other hand, data measured during an
experimental campaign on the operation of the CSP model chosen for this study [37] has shown
that the outlet temperature of the fluid in the cooling circuit of the Stirling engine is always
around 40 °C independent of solar irradiation levels. This low-temperature thermal energy
source in the studied layout is injected into the BTES, through the STTES mainly in the summer
period when there is the highest energy production from the collectors.

In the winter period, when there is a heating demand from the building, the thermal energy

stored in the BTES is transferred to the evaporators of the heat pumps. When the heating

demand is simultaneous with the operations of the CSP system (e.g. on a cold winter day with
clear skies), the thermal energy from the cooling of the Stirling engines is directly transferred
to the heat pumps through the STTES. The water-to-water heat pump system is set to heat the
water circulating in the heating circuit (user side) to a fixed temperature of 45 °C by means of
a heat exchanger. As depicted in Figure 2, the BTES is essentially formed by a cylindrical
portion of soil in which a number of vertical boreholes are drilled. In each borehole, a heat
exchanger is installed, which is sealed by a grout mixture to guarantee the thermal contact
between the soil and the pipes of the exchanger. In the configuration proposed by this study,
the heat exchangers, realised with double-U pipes are arranged on concentric rings. The heat
exchangers placed in the inner ring are connected to each other in parallel. Then, each of these
exchangers is connected in series to another exchanger placed in the next outer ring which, in

turn, is connected to another one located in the next outer ring and so on.
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Figure 2: Operation of the BTES: a) charging phase (summer period) and b) discharging
phase (winter period)

Finally, all the exchangers of the outermost ring are connected to each other in parallel. During
this thermal charging, the hot fluid enters the central exchangers of the BTES and returns to the
STTES from the more external ones (see Figure 2a). Vice versa, during the thermal discharge
stage (winter period), the cold fluid coming from the STTES enters from the outermost BTES
boreholes and returns, heated, to the central ones (see Figure 2b). In this way it is possible to
generate, over time, a radial thermal gradient (thermocline) in the BTES soil volume: the
highest soil temperatures are localised in its central part and the lowest in its periphery. The
thermocline formation increases the storage efficiency and reduces the thermal losses between
the BTES soil volume and the cold soil surrounding it.

Finally, technical sheets of the heat pumps used for this study indicate that they can operate
with cold source temperatures at the evaporators ranging from 8 °C to 20 °C. Therefore, to
avoid the evaporator of the heat pumps getting water at a temperature higher than that allowed
by the technical specifications, a tempering valve allows the mixing of hot water coming from
STTES with cold water coming back from the evaporators so as to guarantee a maximum
delivery temperature of 20 °C. Finally, when the renewable energy production system fails to
fully cover the building's thermal loads, a natural gas-powered backup boiler is switched on to
ensure that the fan coils are always fully operational. In this study, it is shown, through

parametric analyses conducted with a dynamic numerical model, how the different components



of the proposed CHP system can be optimised to minimise fossil fuel consumption, and,

therefore, CO2 emissions compared to a conventional heating system.

2.1  DISH-STIRLING SYSTEM MODEL

In order to simulate electrical and thermal energy production of each dish-Stirling collector of
the CSP plant, reference was made to the numerical model elaborated and tested using the
experimental operating data of the CSP plant in Palermo [37]. This model, which allows the
calculation of the output of the plant as a function of DNI and air temperature variations, is
based on a thermal balance of the system and on an experimental curve representing the
mechanical efficiency at partial loads of the Stirling engine.

The direct radiation is reflected and concentrated on the focus of the parabolic collector where
the receiver of the Power Conversion Unit (PCU) is located. The heat power effectively

absorbed by the receiver can be calculated as:

Qin=ly-A 7512 (1)
where, Iy is the solar beam radiation, An is the net effective surface of mirrors, 1, is the optical
efficiency of the collector with clean mirrors and ncie is the cleanliness index of the mirrors (a
parameter related to the soiling of the mirrors which ranges between 0 and 1).

However, part of the energy absorbed by the receiver is dispersed into the environment due to
convective and radiative heat losses. These losses can be calculated, in a simplified way, using

the following expression [37]:
4 4
Qu=A -{h (T Ty )+og -[(Tr +27315) (T, +273.15) }} @
where At is the receiver aperture area, hy is the effective receiver convective coefficient, Trand
Tair are the receiver and the ambient temperatures respectively, o is the Stefan-Boltzmann
constant, e is the effective emissivity of the receiver and Tsy is the apparent sky temperature.

The empirical expression used for the estimation of sky temperature (expressed in degree
Celsius) is the following:

Ty, =00882:(T,, +27315)° —27315 3
where Tair is expressed in degree Celsius. Thus, by means of the energy balance of the receiver

it is possible to calculate the thermal input power to the Stirling motor as the difference between
the thermal power absorbed by the receiver and that dispersed from it:

Q,in :Q,in _Q,(u 4)
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From the balance of the Stirling engine, instead, it is possible to obtain the thermal power output

of the engine by the following difference:

Qo =Qin W (5)

where V\é is the mechanical output power of the Stirling engine, which is itself a function of

both the thermal input power and the ambient temperature.
Moreover, as shown in [37], based on the analysis of the operational data of numerous different
real-functioning dish-Stirling units, it is possible to approximate the mechanical efficiency

curve of the Stirling engine at partial loads as:

ThM :[ai —%) R (6)

where a; and a; are two fitting constants and Rt is a correction factor which takes into account

the effect of the variations of Tair on the efficiency of the engine:
T,+27315
== — 7
R (Tair +27315J 0

where To is a fixed parameter representing the reference temperature. Thus, using Eq. 6, the

mechanical output power of the engine can be expressed as:

W=@-Qn—a)R (8)
Finally, substituting Eq. 8 into Eq. 5 it is possible to obtain an expression of the thermal output

power of the engine as a function of the thermal input power:

Qo =Qin 77 ©)
where Tkt is the thermal efficiency of the Stirling engine that is related to the mechanical

efficiency of the engine by the following expression:

k=11 (10)

Eq. 9 can be applied to calculate the power that needs to be dissipated by the Stirling engine to

ensure its operation. In the CHP plant proposed by this study, this waste heat is used to

thermally charge the BTES. To define the electrical producibility of the dish-Stirling collector,

reference is made to the following equation that has been proposed in [37] for the purpose of
10



simulating the gross electrical power output from a dish-Stirling collector as a function of the

direct normal irradiation, the air temperature and the mirror cleaning index:

E (b Tie72)=(2-7 -2 AR ) b4 23 Qae+a)R | )
where 7e is the electric efficiency of the alternator. Finally, by subtracting from the gross
electrical power the parasitic electrical absorption of the system (due to the operation of both

the solar tracker and the circulation pumps of the Stirling engine cooling system), it is possible

to calculate the net electrical output power of the system as:

E,=E,-E, (12)
The model parameters that were used for the simulations are summarised in Table 1. These are

the parameters characteristic of the commercial version of the pilot plant currently operating at
the University of Palermo [37]. In particular, as reported in the same table, an average value of

the parasitic electric absorption E;Ve and an average value of the mirror cleaning index Tﬁf

were fixed according to the specific experience gained from the analysis of the real operating
data of this collector [37].

Table 1: Parameters defined for the dish-Stirling model.

Parameters Value Units
Effective aperture area An 106 m?
Receiver aperture area Ar 0.0314 m?
Clean mirrors optical efficiency 7} 0.85 -
Receiver convective coefficient hr 10 W/(m?-K)
Receiver effective emissivity & 0.88 -
Parameter a1 of EQ. 6 0.475

Parameter a; of Eq. 6 3.319 kwW
Reference temperature To 25 °C
Electrical efficiency of the CPU, 7} 0.924 -
Average parasitic absorption E3° 1.60 kW
Average cleanliness index Tﬁf 0.90 )

2.1.1 Evaluating accuracy of the dish-Stirling system model

The model for predicting the energy producibility of the dish-Stirling described above has been

recently developed and presented in research work [37]. The model, which takes into account

11



the salient characteristics of the dish-Stirling plant and the climatic variables, has been
calibrated and verified by comparing the predicted values with the actual measured values. In
order to measure the quality and accuracy of the model, an error analysis was carried out. To
this aim, the Mean Absolute Percentage Error (MAPE) is one of the most common indexes used
to quantitatively assess the goodness of a model. MAPE allows the consideration of a set of
calculated and measured couples of values and provides an average of the absolute relative error
according to Eqg. 13:

e 100 Sy X
n ﬂ X | )

where: n indicates the number of value pairs and y and x are, respectively, the predicted and
measured value of the i-th pair considered [38]. This index is easy to calculate and is particularly
intuitive but, nevertheless, recent studies show that this metric has some weak points: the value
of this index loses meaning when the measured value is zero, and it also shows an asymmetric
behaviour depending on whether the examined model tends to overestimate or underestimate.
A new index has recently been proposed to solve these problems by introducing a robust,
symmetric measure based on the natural log accuracy ratio [38].

The accuracy ratio (Q), that is the ratio between the predicted value (y) and the measured value
(y), is defined by Eq. 14:

_Y

=X (14)

The error measurement can be made using the median symmetric accuracy (¢) defined by Eq.
15:

£=100-{ e M(jo. (@) (15)

where, M is the median function used to aggregate over all prediction-observation pairs.

To evaluate the accuracy of the model used, Authors employed about 2000 net power values
generated by the dish-Stirling system in Palermo under clean mirror conditions. MAPE and
median symmetric accuracy are both provided to allow easy comparison with other models.

The values summarised in Table 2 attest to a more than good reliability of the proposed model.

Table 2: Accuracy of the dish-Stirling model

Metric of accuracy Error [%]
12




MAPE 3.22
C 1.90

2.2 GEOTHERMAL ENERGY STORAGE SYSTEM MODEL

The Duct Ground Heat Storage Model (DST was used to simulate numerically the transient
thermal response of the borehole system that constitute the BTES. This model, implemented in
the Transient System Simulation Tool (TRNSYS) Type 557, can be used successfully to
analyse the seasonal storage of thermal energy in the soil [34]. According to the DST, the
boreholes of the plant are uniformly distributed in a volume of soil (arranged in a hexagonal

pattern). The conventional volume of BTES defined by this system can be estimated as:

Vors =7-H, -1, - (0555, (16)

where Hp is depth of the boreholes, ny is the total number boreholes and sy is the distance
between two adjacent boreholes. The total number of boreholes, connected in series and in
parallel, can be calculated through the following product:

Mt =M Mhs (17)

where np s is the numbers of boreholes in the innermost ring of the BTES and np s is the number
of boreholes in each series.

The other input parameters required for the DST are the undisturbed soil temperature Tsy, the
average thermal conductive As and heat capacity Cps of the soil and the borehole thermal
resistance Ry of the ground-coupled heat exchangers. The latter parameter is fundamental in
order to define the heat transfer within the soil through these exchangers, and in the proposed
model, it was defined by the following analytical equation proposed in the literature for double-
U ground-coupled heat exchangers [39]:

e

In the above equation, ry is the radius of the borehole, ry, is the outer radius of each pipe, xc is

half of the shank spacing between the U-legs, Aq is the thermal conductivity of the grout and Rp
is the thermal resistance of a single pipe . The Ry, in turn, can be calculated as the sum of the
conductive thermal resistance across the pipe and the fluid-pipe convective thermal resistance,

by the following expression:
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(19)

mﬁﬁj

Rp — rp,i + 1
2.2, 27 h

where ry;i is the inner radius of the pipe, 4p is the thermal conductivity of the pipe material and

ht is the convective heat transfer coefficient between the fluid and the pipe. The latter term, in

the case of a circular pipe, can be obtained from the Nusselt number as:

N4 (20)

2’ rp‘i
where /¢ is the thermal conductivity of the fluid. To calculate the Nusselt number, the following
correlation, valid for turbulent flow inside smooth pipes, provided by Gnielinski [40] was

considered:
f)- Re—1000)- Pr
o (§) (-0

1+127-@)y2 (Pres—)

where Re is the Reynolds number, Pr is the Prandtl number and f is the Darcy-Weisbach

(21)

frictional factor. The Reynolds number, in turn, can be calculated as:

Re=_2My_ 22)
7T Voi - L
where My is the mass flow rate inside a single U-leg and s is the dynamic viscosity of the

fluid. The Prandtl number is defined as:

pr="pr 44 23
7 (23)

where cp f is the specific heat of the fluid. Finally, for the friction factor the following correlation
proposed by Haaland [41] was used:

1 2
— 18 &p 69
f= lSh{ﬁﬁgT_ﬁ¥ (24)

where &p is the absolute roughness of the pipe surface. The possibility of considering the
variations of Ry as a function of mfu due to Egs. 18-24, allows the model to be used for

simulating the thermal response of the BTES with different fluid flow rates. During its

operation, in fact, the BTES is alternatively connected both to the dish-Stirling and to the heat
pumps and the total mass flow rate flowing inside the BTES (m,BTEs) takes different values.

From these different values, it is finally possible to define the different mass flow rates

circulating inside each single U-leg of the thermal exchangers using the following expression:
14
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mf,U _( 2 rl),h J (25)

that was deducted considering the mass conservation equation of the fluid circulating inside the
BTES. Using the above nomenclature, the thermal power that can be transferred or recovered
from the BTES during its summer or winter operation is calculated from the global thermal
balance of the system as:

Ques =M g5 G { Tozes o) 29)
where TopTes and TigTtes are the outlet and inlet temperatures of the BTES, respectively.
Moreover, considering that during the years of operation of the system, the BTES will be
subject to numerous thermal loading and unloading cycles, it is possible to calculate the total
thermal energy charged into the BTES by the following integral:

Ersn(0)=3] [ det) @
1=\ chare, i

where ny is the number of years of plant operation and charge,i is the interval of time during
which the BTES is charged every year. Similarly, the total thermal energy recovered from the
BTES can be calculated as:

=L\ discrarge,i
where discharge,i is the interval of time during which the BTES is discharged every year. Using

s )=23] | Qmotj (28)

these energies, it is possible to calculate the total thermal storage efficiency of the system, after

a number of years ny, as

_EBma)
wsW)=E 0 @)

As shown in the analysis of the results in this work, efficiency nstes was used to assess which
of the proposed BTES configurations performs the best.
The calibration parameters of the model used to simulate the thermal behaviour of the BTES
are summarised in Table 3. More specifically:
- the thermal characteristics of the soil are those typical of the facility test area at the
University of Palermo (Sicily);
- the thermal conductivity of the grout was estimated assuming it is made with a
mixture of 10% Bentonite/90% Quartzite sand [39];
- the radius of the pipes and the distances between the U-legs are those typical of the
commercial products used for ground-coupled heat exchangers;

- the conductivity of the exchanger tubes is that of high-density polyethylene.
15



Finally, regarding the thermal properties of the water used to calculate hf, the values
corresponding to the average temperature of the fluid entering and leaving the BTES were used.
All the remaining parameters of the model (such as npn, Nbs, Sb) Were set to perform the

optimisation analysis described below in this paper.

Table 3: Parameters defined for the BTES model

Parameters Value Units
Borehole depth Hp 25 m
Undisturbed soil temperature, Ts,o 18 °C
Thermal conductivity of the soil, s 1.75 W/(m K)
Volumetric heat capacity of the soil, Cps 2.72 GJ/(m3-K)
Thermal conductivity of the grout, g 2 W/(m K)
Thermal conductivity of the pipes, /p 0.45 W/(m K)
Radius of the boreholes, ry 0.075 m
Inner radius of the pipes, rb,i 0.016 m
Outer radius of the pipes, v, 0.020 m
Half shank spacing between the U-legs, xc 0.040 m
Absolute roughness of the pipe surface, &p 2-10° m

2.3 HEAT PUMP NUMERICAL MODEL

As regards the modelling of the water-to-water heat pump system, a simple black-box model
that was considered, which was defined by interpolating the operating data provided by the
manufacturer [34]. The first heat pump (HP1) and the second heat pump (HP2) have a rated
heating capacity of 200 kWt and 300 kWi respectively. The technical data of these pumps, for
a fixed hot-side outlet temperature of Tn =45 °C, are summarised in Table 4, as a function of

the inlet cold-side temperature of Tc,i (ranging between T¢i=8-20 °C). In these tables Q:H is the
(full-load) heating power, Q; is the cooling power, EH is the electric power consumption and
COP&eL is the coefficient of performance. When the heating power demand Q:JH is lower than

the heat power output Qchat the heat pump can provide at Tc;, there is a degradation of the

coefficient of performance due to this partialisation. In this case, the current value of the

coefficient of performance can be calculated as:

where PLF is the partial load factor that is defined as [34], [42]:
PR
PLF= 31
G -PRA1-C) e
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C. is a degradation coefficient (that is assumed equal to C.=0.90) and PLR is the partial load
ratio, defined as:

_a,
=0 2

Table 4: Operating technical data of HP1 (model WW 302.B200) and HP2 (model WW

302.B300).
Tho=45°C
ey | QbW Qown) | Eaepkwe) COPr.
C,1I
HP1 HP2 | HPL  HP2 | HPL  HP2 HP1 HP2
8 159 248 123 191 39.1 60.2 4.07 4.12
10 175 276 139 219 39.4 60.5 4.44 4.56
15 198 306 159 248 39.8 61.0 4.97 5.02
20 221 346 182 288 40.3 61.4 5.48 5.64

From the value of the COPpL (evaluated by Eqgs. 30-32) it is lastly possible to calculate the
electric absorption of the heat pumps. The outlet cold-side temperature from the heat pumps
can be calculated as.

To=T; - Q (33)
’ T Myp-Got

where M 1p is the mass water flow rate at source-side of each heat pump. From technical

sheets, the mass flow rates considered for the calculations are nl,H::25,376 [kg/h] and rflJ_p

=41,968 [kg/h] for the HP1 and HP2, respectively. An algorithm was implemented in the
control system to minimise the partialisation of heat pump operation by alternating or parallel

starting of the heat pumps as a function of the heating demand levels of the building [34].

2.4  TRANSIENT SYSTEM SIMULATION TOOL IMPLEMENTATION OF THE
PLANT MODEL

The models describing the energy balance of the different components of the proposed plant
were developed with reference to the literature and then numerically implemented using
TRNSYS [43]. This software allowed the numerical analysis of a large number of different
layout configurations to be performed through a series of transient hourly-based simulations.
With this aim, the hourly data time series of the air temperature and Direct Normal Irradiance
(DNI) were defined using the Typical Meteorological Year (TMY) generated by Meteonorm

[44] and were used as input variables of the model.
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Figure 3: TRNSYS layout of the plant model.

The simulation period was set to 25 years to fully characterise the thermal evolution of the
BTES from the beginning of its operation until the achievement of its pseudo-stationary
condition. For each of these years the same TMY dataset was used. Figure 3 shows the structure
of the TRNSYS layout in which all the connections between the different elements constituting
the system were modelled (including all the valves, heat exchangers, circulation pumps, etc.).
Moreover, all the equations representing the model of each plant component already described,
were implemented using equation TRNSY'S types and for the dish-Stirling and the heat pump,

special macros were developed for this purpose.

2.5 MULTI-CRITERIA ANALYSIS

In this work, a series of different configurations of the same plant layout were studied in order
to identify the one performing best one in terms of energy, environment and economics.
Referring to Figure 4, the different analysed configurations were obtained by varying the
following parameters that characterise the previously presented layout:

- the number of dish-Stirling units ngish, (varying from 1 to 4 with a step of 1)
18



- the number of head boreholes ny, (varying from 15 to 20 with a step of 5)

- the number of boreholes in series ny s, (varying from 3 to 4 with a step of 1)

- the spacing of boreholes in series sp, (varying from 2 to 12 m with a step of 2 m)

- the deep of the boreholes Hy, (varying from 10 to 100 m with a step of 10 m).
In this way, 1440 different plant system configurations were obtained whose transient operation
during their useful lifetime (25 years) was simulated using the TRNSYS numerical model. All
these simulations were carried out keeping the evaluated space heating load of the building Ejoad
unchanged. Each simulation generated the time variations of about 40 variables, giving rise to
a result matrix characterised by 40 columns and 219000 rows. Thus, the performed simulations
produced a total number of items in the result dataset equal to about 1.26-10%°. This significant
amount of data required the adoption of particular manipulation techniques through the creation
of a MySQL database that, properly optimised, allows the efficient management and
examination of almost 57 GB of data. For each studied configuration, it was possible to
calculate, from the results of the simulation, the fraction of building heating load that is covered
by the thermal energy provided by the heat pump system, as:

_ By
iy “E. (34)

where Enp is the thermal energy produced by the two heat pumps in one year and Ejoad IS the
heating energy load required by the building during the same year.
Furthermore, considering that, in general, the electricity required by heat pumps is not
necessarily produced from renewable sources, the following definition of annual renewable

fraction was adopted for each studied configuration:

_ B _(Eele,fp +Ep;’s,b0iler) _ 1

f. =fp | I~~~ (35)
= QR

where Eelenp is the annual electric energy absorbed by the heat pumps, Egasoiler i the thermal

energy annually delivered by the gas boiler backup heater and COPyp is the coefficient of
performance of the heat pump system. If the Eeienp is fully provided by the electricity annually
produced by the dish-Stirling it follows that Eq. 34 is a sufficient indicator of the annual

renewable fraction of the plant.
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Figure 4: Decision variables of plant layout optimisation

However, even under this hypothesis, the coefficient f; can be considered a good indicator of
the more or less renewable fraction of the plant, as the higher the value of f, the lower the
fraction of heating loads covered by the backup heater, the lower the amount of electricity
absorbed by the heat pumps and, thus, the greater the fraction of electricity, produced by the

solar field, left free to cover other consumption.

2.5.1 Economic analysis

Knowing the annual renewable fraction of each of the 1440 plant configurations, an economic
analysis was performed taking into account several possible scenarios. According to estimates,
the initial cost of investment necessary to build the entire plant consists of: the cost of a single
dish-Stirling solar concentrator (Caish), including installation and maintenance costs over the
lifetime of the system, amounts to € 278,000; the cost of realisation of a single geothermal probe
expressed per unit of length (Cgres) amounts to 60 €/m; the total cost necessary to purchase the
two selected water-to-water heat pumps (Cxp) amounts to €50,000.

The initial overall cost of investment (I) for a generic CHP configuration plant depends on the
number of installed solar concentrators (ngish) and the total length of boreholes Lt making up
the thermal storage system which is equal to the product of the total number of boreholes (np.)
for the depth of a single borehole (Hp). The economic analysis was conducted on the basis of a

“constant currency approach” considering the plant’s useful lifetime being equal to 25 years,
20



and the initial cash flow includes only the investment related to the examined configuration.
For subsequent years, the cash flow was evaluated considering the following revenues and
costs.

The incentivised sale of the electricity produced by the concentrating solar power field to the
national electricity grid (lel, soid). The dish-Stirling system of Palermo benefits from the national
incentivisation mechanism no longer in force since December 2017 [45]. According to this
decree, the feed-in tariff (Tr) is granted to a power plant with an electric capacity up to 500 kW

for 25 years and is determined as follows:

T =T +Phar () @

where, Ty is the basic incentive tariff that depends on the size of the power plant equal to 324
€/MWh, and Prsolar is the bonus corresponding to the solar integration fraction that characterises
the considered power plant. For the generation plant in issue, this bonus is equal to 45 €/ MWh
since the fraction of solar integration is 1. Overall, the feed-in tariff amounts to 369 €/ MWh.
The incentive for the replacement of a conventional heating plant with a new heating plant
equipped with geothermal heat pumps (Inp) [46]. This income has a duration of 5 years and was

calculated as follows:

h=RQ - | () @)

Where: R, indicates the nominal heat output of the installed heat pump expressed in KWi; Q,f

indicates the utilisation coefficient dependent on climate zone; (D?p is the coefficient of

performance of the installed heat pump; and C| is the coefficient of valorisation of the thermal

energy produced expressed in €/kWh. The incentive calculated by referring to the two heat

pumps planned for the cogeneration plant described in this document is:

1hp=23,483.73 €/year

The natural gas savings resulting from the use of renewable heat pumps (Smm,a,g%).

These savings are calculated as:
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where: Eioad IS the yearly heating energy demand of the building expressed in (kWh/year); fr is

the annual renewable fraction of the examined CHP plant; G4 (0.112 €kWh) and Cgm-dty
Gs

(0.170 €/kWh) are unit costs of natural gas and electricity respectively, expressed in (€/kWh);
77% is overall yield of the existing gas boiler; CDDm is coefficient of performance of the two
er

renewable heat pumps.

The income resulting from the monetisation of avoided CO> emissions (Iooz ) calculated as:

oo, = %E"m QQ( J (39)

where: SQQ indicates the specific emissions of CO; related to the thermal energy production

using natural gas, expressed in (gCO2/kWh); anj is yearly heating energy demand of the
building expressed in (kWh/year); fris the annual renewable fraction of the examined CHP

plant and Cooz is the unit revenue related to the amount of CO> avoided expressed in (€/tcoz).

Ultimately, taking into account the four monetary items listed above, the cash flow for the t-th
year (CFy) for the facility can be expressed as follows:

2.5.2 Design of new mechanism of incentivisation

In Italy there is currently no national incentive mechanism for CHP plants that exploit
renewable sources by innovative technologies, such as the dish-Stirling solar concentrator.
Although the energy efficiency of this technology is widely acclaimed [47], [37,48,49], the
main factor limiting the spread of the dish-Stirling concentrator is the initial investment which
is still too high compared to other solar technologies fully developed and marketed. Assuming
that the incentive scheme described in section 5.2 can continue to be used even if the reference
decrees are partly no longer in force, this document suggests a new incentive mechanism
through which a percentage of the initial investment necessary for the realisation of a

cogeneration project is financed. Four strategies of incentivisation are proposed, each with a
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different percentage of initial investment financed: 0% (lo), 15% (la), 35% (Ig) and 45% (lIc).
In order to assess the economic feasibility of the proposed cogeneration plant and to identify
the most robust solution, the four strategies of incentivisation were investigated by varying the
discount rate. As shown in Figure 5 below, three values of discount rate were fixed obtaining

12 possible financial scenarios.

[ Incentivisation strategy }

To IA TH It
Number of
Q S< scenarios: 12
\

[ i=0% [z=3.5%] [ = 7% }
[ Discount rate J

Figure 5: Schematic representation of all possible financial scenarios investigated

Referring to the 1440 plant configurations, all the financial scenarios schematically illustrated
in Figure 5 were analysed by investigating several economic indicators. In particular, the Net
Present Value (NPV) and the Profitability Index (PI) were calculated in order to assess the
profitability of the investment; while the Discounted Payback Time (DPBT) and Internal Rate

of Return were determined to assess the investment risk. The NPV and Pl were calculated

hW:Z‘(—yG?t
=1+ (41)

.19

Where: CFtis the cash flow of t-th year of the useful lifetime of project; i is the discounted rate;

according to Eq. 41:

and 1 is the initial overall cost of investment. The DPBT, defined as the number of years (t)
needed for the equivalent of the investment income to exceed the equivalent of the capital

expenditure, was determined according to Eq. 42:

C
t S(_jt >0 42
| “{1+i) (42)
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The IRR represents the percentage or interest rate (i) earned on the unrecovered part of an
investment and it was calculated according to Eq. 43:

i | I\F\/z%zo (43)
=1{1+1

All these economic indicators were normalised in order to make them comparable, using the
min-max normalisation as in Eq. 44:
X—min(X)

B~ miny) @

where: zis the normalised value of the set of observed values of x; MBX(X) and NMIN(X) are

Z_

maximum and minimum values of the same set of values. The obtained Boolean variables were
indicated as NPVnormalised, Plnormalised @nd DPBThormalised. It Was then possible to calculate the
Overall Economic Viability Evaluation (OEVE) index, which graphically represents the area

of a triangle whose vertices are the aforementioned economic variables as shown in Figure 6.

NPVnormalised
1

. e Discount rate 0%
0.8 =

D% Discount rate 3.5%
06 £

: .. ...... 1 0
04 ' Discount rate 7%
02 :

DPBTnormalised PInormalised

Figure 6: Radar diagram withe normalised economic indexes of the configuration 1D261.

The higher the OEVE index is, (larger area in Figure 6) the more profitable the investment

required to realise the corresponding CHP system configuration.

2.5.3 Evaluation of CO2 emissions

The realisation of the CHP plant proposed and analysed in this paper would undoubtedly bring
an environmental benefit in terms of avoided CO2 emissions. The amount of CO2 emissions
avoided, which corresponds to the operation of the various optimal configurations of the CHP

system can be quantified as follows:
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e [

where: Smmd indicates the thermal energy savings, i.e. the thermal energy required by the
enery

building no longer supplied by the existing gas boiler but supplied through the renewable heat
pumps over the lifetime of the CHP plant; SE‘OQ indicates the specific emissions of CO, related

to the thermal energy production using natural gas, expressed in (gCO2/kWh); and ULT

indicates the lifetime of the examined plant, which is 25 years in this case study.

3. CASE STUDY

As an application of the proposed methodology, reference has been made to one of the non-
residential buildings of the University campus of Palermo: Building 9 of the Department of
Engineering. According to the Italian standard UNI 10349 concerning climate data, Palermo
falls into the B climate zone characterised by 751 Heating Degree Days (HDD) and the legal
period for space heating ranges from 1 December to 31 March, for 8 hours per day [50]. Palermo
has a Mediterranean climate characterised a temperate-wet winter with an average temperature
range from 8 °C to 14 °C, and by a hot-dry summer with an average temperature range from 21
°C to 28 °C, with peaks of above 35-40 °C [51]. The existing heating system of the building
includes two gas boilers that feed a series of radiators. The heating volume is 14,500 m® and
there is a conventional heating system with gas boilers with a total nominal power of 600 kW.
Figure 7 reports the thermal load demand of Building 9 during a typical week of each month of
the conventional heating period. According to historical and measured data the monthly heating
load energy demand of the considered building is: 59489 kWh in January, 38702 kWh in
February, 6264 kwh in March and 62090 kWh in December. The overall yearly heating load
energy demand is: Ei0aqd=166545 kWh. Finally, the hourly-based climate data input of the was
defined using the Typical Meteorological Year (TMY) generated by Meteonorm [44] for
Palermo (38.11°N; 13.36°E).
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Figure 7: Weekly profile of heating load energy demand of building 9 during the conventional
heating period of year

4, RESULTS AND DISCUSSION

As already described, the dish-Stirling system represents the central element of the
proposed cogeneration layout.

Table 5 shows the cumulative monthly values of the electrical and thermal energies
produced by a single unit located in Palermo [44]. In

Table 5, the following monthly cumulated quantities are indicated: the solar energy
collected by the solar concentrator (Esun), the gross and net electrical energies produced by the
solar plant (Eg, En), the parasitic electrical absorption of the solar plant (Ep) and the thermal
output energy rejected from the Stirling engine (Esout). In the following paragraphs Authors

discuss and analyse the results more in detail.

41 ENERGY BALANCE OF THE COGENERATIVE PLANT

Values calculated using the numerical model of the dish-Stirling collector show a peak
in energy production occurring in July. In this month, the net electric and the thermal
efficiencies equal to 24% and 44%, respectively. The total annual net production of electric

energy amounts to 40.8 MWh/year while the thermal energy rejected from the Stirling engine,
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is about 88.7 MWh/year. The corresponding net electric and thermal annual efficiency are 20%
and 44%, respectively. Since all these calculated quantities significantly depend on the direct
solar irradiation, it was necessary to accurately select a DNI database representative of the
micro-climatic conditions for the studied location. With this purpose, several solar databases
were compared to each to other check whether the Meteonorm solar dataset could be
representative of the DNI conditions of Palermo. Moreover, since the real operating data of
dish-Stirling systems show that their performances can be considerably reduced by the soiling
of the collector mirrors [37], for the presented calculations, an annual average cleanliness index

equal to 74F =09was assumed. This value was carefully defined by processing the real

operational data of the dish-Stirling unit installed in Palermo, assuming the possibility of

periodic washings of the collector mirrors.

Thus, taking into account both the good predictive accuracy of the proposed numerical model
(already discussed with the introduction of the MAPE and { metrics) and the quality of the input
data (DNI and average cleanliness index), it is possible to reasonably assert that the energy

outputs of

Table 5 accurately represent the monthly producibility of a dish-Stirling plant located in

Palermo.

Table 5: Producibility of a single dish-Stirling plant in Palermo

Esun Eq Ep En Et
Month
(MWh)  (MWh)  (MWh)  (MWh)  (MWh)
January 8.99 2.30 1.19 1.11 4.07
February 8.21 2.20 1.08 1.12 3.65
March 14.28 3.87 1.19 2.68 6.32
April 15.28 4.13 1.15 2.98 6.77
May 23.23 6.44 1.19 5.25 10.19
June 24.58 6.75 1.15 5.60 10.82
July 28.65 8.03 1.19 6.84 12.51
August 22.60 6.18 1.19 4.99 9.97
September  17.84 4.90 1.15 3.75 7.86
October 15.10 4.14 1.19 2.94 6.66
November  12.31 3.32 1.15 2.17 5.46
December 9.94 2.63 1.19 1.44 4.44
Annual 201.01 54.88 14.02 40.87 88.72
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As already mentioned, to eliminate this temporal mismatch, a BTES was introduced into the
plant layout. In order to show the annual energy balance of the proposed layout and the energy
fluxes between its different components, the data from the simulation results relative to a
representative plant configuration is described below. This studied configuration (ID90), is one
of the best performing among all that have been analysed using the multi-criteria optimisation
process and is characterised by the following geometrical parameters:

the number of dish-Stirling units ngish=2

the number of head boreholes nph, =25

the number of boreholes in series nps=4

the spacing of boreholes in series s,)=6 m
- the depth of the boreholes H,=60 m.

For this configuration, the daily average values of the BTES soil temperature and the
cumulative input and output thermal energies corresponding to a simulation period of 25 years
are depicted in Figure 8.The input energies to BTES are those supplied by the solar system
during the charging stages while the output energies are those transferred from the BTES to the
evaporators of the heat pump system during the discharge stages. From the results of Figure 8,
it is possible to observe that the average soil temperature increases during the successive years
of plant operation until it reaches a pseudo-stationary condition at around the 25" year. This
gradual soil temperature increase is related to the fact that the annual amount of thermal energy
produced by the two solar collectors, and then stored in the BTES, is greater than the energy

demanded by the heat pumps.
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Figure 8 : average BTES temperature and cumulative input and output energy exchanged by
the boreholes during the 25™ year of operations (D90 configuration)

From these results, it is also possible to calculate that the storage efficiency of the BTES reaches
a value of about nsTes=0.75 at the end of the studied period. This inefficiency is due both to the
variations in the internal energy of the BTES soil volume (which results in the increase of the
average soil temperature) and to the thermal losses from the boundaries of the same volume.
These thermal losses are clearly proportional to the difference between the average
temperatures of the BTES and the surrounding soil. When the system reaches its stationary
configuration, at around the 25™ year, the difference between the energies annually entering
and leaving the BTES essentially equal its thermal losses.

The thermal energy balance of the plant during its 25th year of operation can be verified using
the monthly energy values that have been summarised in Table 6. These energies are: the space
heating loads of the building (Eiad), the waste heat from the solar collector (Esout), the input
and output energies of the BTES (Egtes,in, EBTEsout), the heat delivered to the heat pump
evaporators (Eenp), the heat supplied by heat pumps to the building heating system (Ec,np) and
the energy provided by the backup heater (Egas noiler). The data in Table 6 show that during the
months when there is no heating demand from the building and the availability of the solar
resource is greater, the waste heat from the two solar collectors is totally transferred to the
BTES. This energy, for the studied configuration, amounts to Esow=140.33 MWh and, as

already mentioned, corresponds to about 80% of annual thermal energy produced by the solar
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collectors (equal to Esouwt=177.21 MWHh). In the winter season, 86% of heat energy required by
heat pumps for their operation (Ee,vp=133.33 MWh) is recovered from the soil (EgTes,cut=115.12
MWh) while the remaining 14% is directly supplied from the solar system (Es 0.t=18.21 MWHh).
The residual energy produced in this period of the year by the solar systems is directly
transferred into the BTES (Estes,in =18.67 MWHh). The latter energy represents about 11% of
the thermal energy that annually charges the geothermal storage. These results show an
interesting aspect of the operation of the proposed system: during the winter season it is often
possible that days with clear skies occur. During these days, the direct solar irradiation levels
may be sufficient for the activation of the solar collectors. Thus, if this energy collection is
contemporary with the building heating demand hours, it can be directly delivered to the heat
pump evaporators. Otherwise, for example at weekends, it can be stored in the BTES as during
the summer season. Finally, from the data of Table 6, it is possible to observe that the studied
configuration of the proposed systemis able to cover up to 97% of the annual heating demand
of the building (Eias=166.55 MWh) while the remaining 3% is covered by the energy delivered
by the gas boiler backup heater (Egas boiler=5.45 MWHh).

Table 6: Monthly values of the thermal energies at 25th year (ID90 configuration)

Eload Es,out Egtesin  EBTES0ut EeHp Ec,Hp Egasboiler
(MWh)  (MWh) (MWh) (MWh) (MWh) (MWh) (MWh)
January 59.49 8.10 2.87 41.95 47.21 56.98 2.58
February 38.70 7.29 3.09 27.63 31.85 38.62 0.10

Month

March 6.26 12.63 9.80 2.22 4.97 6.13 0.14
April 0 13.51 13.53 0 0 0 0
May 0 20.39 20.34 0 0 0 0
June 0 21.62 21.59 0 0 0 0
July 0 25.01 24.96 0 0 0 0
August 0 19.93 19.91 0 0 0 0
September 0 15.68 15.67 0 0 0 0
October 0 13.29 13.27 0 0 0 0
November 0 10.88 10.87 0 0 0 0

December  62.09 8.86 2.91 43.33 49.31 59.51 2.63
25thyear 166.55 177.21 15879 11512 133.33 161.24 5.45

The electric energy balance of the plant during its 25th year of operation can be verified using
the monthly energy values that have been summarised in Table 7, where are described: the net
electric energy produced by the dish-Stirling plant (Ex), the electric energy absorbed by the heat
pump system (Eeienp), the parasitic electric absorptions of the plant (Epiantp), the net electricity
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exchanged with the grid (Eele net), the coefficient of performance of the heat pumps (COPxp) and
the global coefficient of performance considering all the parasitic electric consumptions of the
plant (COP).

Table 7: Monthly values of the electric energies at 25th year (ID90 configuration)

En Eele,hp Eplant,p Eele,net Cophp COP

Month

(MWh) (MWh) (Mwh)  (MWh) ) )
January 2.21 10.33 0.87 -9.00 5.51 5.08
February 2.24 7.15 1.07 -5.98 5.40 4.70
March 5.37 1.24 0.56 3.57 4.94 3.40
April 6 0.00 0.38 6 0 0
May 11 0.00 0.45 10 0 0
June 11 0.00 0.46 11 0 0
July 14 0.00 0.49 13 0 0
August 10 0.00 0.46 10 0 0
September 7 0.00 0.39 7 0 0
October 6 0.00 0.38 6 0 0
November 4 0.00 0.35 4 0 0
December  2.89 10.79 0.90 -8.80 5.51 5.09
25thyear 81.73 29.52 6.75 45.46 5.46 4.45

The analysis of the results of Table 7, shows that the heat pumps reach an annual COPrp=5.51
which reduces to COP=4.4 if all the parasitic consumptions related to operations of the
hydraulic circulators of the plant are considered. The interesting result from this data is that,
considering the electric grid as an energy storage system, 44% of the electric energy annually
produced by the solar field can be used to cover the total electric consumptions of the heating
plant (36.27 MWHh). The remaining 56% (amounting to 45.46 MWh) can, for example, be used
either to cover the remaining electricity consumption of the building or simply be sold to the
electric national grid. Under these assumptions, the renewable fraction of the heating system
would reach the extremely high value of f=97 % which would correspond to a total annual
reduction of emissions of Af‘ooz =9%%

These very high values of the system efficiency were achieved through the optimisation process
of the BTES geometry. In this regard, the BTES inlet and outlet temperatures and the average
soil temperature are depicted in Figure 9 as a function of the successive days of the 25th year

of plant operation.
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Figure 9: daily averaged values of the input, output and soil temperatures of the BTES at the
25th year of operation (ID90 configuration)

As is shown in Figure 9, during the winter discharging phases, the temperature of the fluid
exiting the BTES (red line) is always higher than the inlet temperature (blue line). During the
charging phase, instead, this situation is reversed. The large temperature differences of the
outlet and inlet temperature with respect to the average soil temperature (green line), during the
discharging and charging phases respectively, indicate the generation of local high thermal
gradients around the boreholes of the BTES.

The results generated by the numerical model and presented above asses both the
technical feasibility and the efficiency of the proposed CHP plant if it were located in a central
Mediterranean location. However, it was not possible to compare the accuracy of these
numerical results with experimental data, since there are no pilot installations of this kind
currently built. To overcome this problem, the accuracy of the solutions of each individual plant
component was assessed, assuming that this was sufficient to demonstrate the accuracy of the
overall model. Detailed information on the calibration of the dish-Stirling model and its
predictive capability has already been provided in this work, while regarding the accuracy of
the BTES model, which represents the second key element of the proposed layout, it is possible
to provide the following additional information:
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1) the TRNSYS Type 557 was used to study the dynamic response of different BTES
configurations. This Type implements the widely used Duct Ground Heat Storage
Model (DST), which is considered state-of-the-art for these kinds of simulations [52]

2) the values of the soil thermal properties that were used as input for the DST model have
a narrow range of possible variations which, therefore, would not lead to substantial
changes in the numerical results of the simulations presented in this work.

42  ANALYSIS OF THE OPTIMISED COMBINED HEAT AND POWER SYSTEM
CONFIGURATIONS

Through the optimization process 4 configurations were selected among the 1440 analysed. The
best performing cases were selected by extracting from the dataset the configurations that
maximise either the OEVE index or the ratio f.. The first group represents the most
economically advantageous configurations, while the second represents those characterised by
a higher fraction of energy covered by a renewable source. The results of this process are
summarised in Table 8, where the configuration identification number, the OEVE and f..
indexes, the BTES geometric parameter, the system COP and the corresponding storage
efficiency are reported. This data shows that optimised configurations refer to systems layout
with a maximum of two dish-Stirling collectors. This is essentially related to the fact that both
the thermal energy generated by two collectors is more than sufficient to cover the thermal
loads required by the heat pumps and the number of the collectors significantly affects the

investment cost required to build the system.

Table 8: selected optimum CHP system configurations

Criteria: highest renewable fraction most cost-efficient
Simulation ID 236 90 261 397
number

OEVE 13.15 0.15 21.50 11.26
fr 0.59 0.78 0.43 0.72
Ndish 1 2 1 2
Sb (M) 8 2 12 12
Nb.s 4 4 4 3
Nb,h 15 25 20 15
Hp (M) 30 60 10 50
Ltot (M) 1800 6000 800 2250
Ve1es (M) 99752 20782 99752 280552
COPyp 4,14 5.37 444 4.48
COP 3.56 4.43 3.72 3.90
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fhp 0.78 0.96 0.55 0.92
TJBTES 0.99 0.75 0.52 0.60

Moreover, the analysis of data in Table 8 suggests a second relevant observation: for a fixed
number of solar collectors the configurations that are more economically advantageous (ID261
and ID397) are those with the lowest fraction of energy covered by the renewable energy source
(ID236 and ID90). This trade-off can be easily explained, since: the higher the value of Lt the
higher the f ratio and the lower the OEVE index (since the investment cost of the BTES is
higher). The most cost-effective configuration, for example, is the ID261 which refers to a
layout with a single collector and is characterised by an f, =0.43 and a renewable fraction equal
to f,p=0.55. The configuration 1D90 with two solar collectors (whose results have already been
discussed in detail above) is characterised, instead, by the highest renewable fraction (fnp, =0.96)
while presents the lowest value of the OEVE index among all the others. To conclude the
discussion of these results, it is interesting to underline that the configurations with two solar
collectors are those that are characterized by higher COPhp values compared to those with one
solar collector. The higher efficiency of the former is due to the instance where the surplus of
thermal energy, with respect to the heat pump demand, determines a greater increase of the
BTES temperature during the charging stages. This higher soil thermal level determines a
greater efficiency of the heat pumps when the BTES is discharged.

More specifically, with regard to the environmental indicators of the 4 optimum
configurations, with respect to the case of a conventional heating system powered by a gas

boiler, reference can be made to the quantities shown in Table 9.

Table 9: environmental indicators of the optimum configurations

Simulation 1D number Sg%l?l Ao, N,

(MWh/year) (tcoo/year) (%)

261 91.4 18.4 54.9
236 129.6 26.1 77.8
397 153.2 30.9 92.0
90 159.9 32.2 96.0

From the analysis of these quantities it can be deduced that the installation of the proposed CHP
plant would result in percentage emission reductions, compared to the conventional plant,
ranging from 55% (for the 1D261) to 96% (for the ID90). The configuration with the highest f;

ratio (ID90) would allow savings of almost 160 MWh produced from fossil per year.
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With regard to the financial analysis, the DPBT values for the 4 analysed configurations,
according to the 12 hypothesised financial scenarios, have been reported in Table 10. From this
data, it is possible to notice that, for all the 4 configurations, assuming both a discount rate of
7% and no initial investment financing (financial scenario lo), the incentivised sale of electricity
produced by the CHP plant would not be sufficient to amortise the investment costs within 25

years (i.e. the useful life of the cogeneration plant).

Table 10: DPBT of the optimum configurations

l\!umbe( of lo In le le Discount

simulation rate
11.2 8.8 5.6 45 0%

261 15.2 11.4 6.9 5.0 3.5%
25 16.7 8.9 6.2 7%

12.0 9.6 6.4 4.9 0%

236 16.6 12.6 7.9 5.9 3.5%
25 19.2 10.3 7.3 7%

14.2 11.7 8.4 6.7 0%

397 20.5 15.8 10.4 8.1 3.5%

25 25 14.2 10.3 7%

18.9 15.7 11.4 9.3 0%

90 25 25 15.2 11.8 3.5%

25 25 25 16.8 7%

This, obviously, would represent the worst possible scenario. If, on the other hand, Authors
considered an initial investment financing of 35% (scenario Ig), the payback times of the
configurations with one and two concentrators would be reduced by 10 and 15 years,
respectively. Assuming the same scenario Ig, the investment risk for most of the 4
configurations analysed would be significantly reduced compared to the worst-case scenario,
as shown by the IRR data reported in Table 11.

Table 11: IRR of the optimum configurations

Simulation 1D number

Scenario 236 90 261 397
lo 6.07%  2.20% 6.67% 4.70%
Ia 8.21% 3.80% 8.96% 6.55%
Is 12.43%  6.80% 13.53% 10.12%
Ic 15.64% 8.97% 17.03% 12.75%
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It is, also, reasonable to assume that the necessary reduction in the initial investment costs (i.e.
40%) must not be exclusively related to the financing mechanism (included in the incentive
scheme), but also to a possible cost reduction in the technology itself. Such as reduction could
result because greater commercial diffusion of these systems could trigger economies of scale.
Dish-Stirling collectors, for example, although the most efficient among all the solar systems,
have not yet reached commercial maturity comparable to that of the other CSP systems.

S. CONCLUSIONS

In this work, a heat and electric power cogeneration plant that combines a field of dish-Stirling
collectors, a seasonal geothermal storage and a system of water-to-water heat pumps is
proposed for the first time. The cogeneration plant has been designed both to supply thermal
energy to the heating system of a non-residential building and to produce electricity. The
operation of the plant has been tested by means of hourly-based numerical simulations that have
been carried out using a numerical model implemented with TRNSYS. Building 9 of the
Department of Engineering on the Palermo University campus was used as a case study and the
real operational data of a pilot dish-Stirling collector, located in the same area, was used to
carefully calibrate the numerical model. Using energy and economic performance indicators, it
was, finally, possible to optimise both the number of solar collectors and the geometry of the
seasonal thermal storage. The best performing configuration consists of two dish-Stirling
collectors and 100 geothermal exchangers, each 60 m long and 2 m apart. The two solar
collectors annually generate 82 MWh of electrical energy and 177 MWh of thermal energy.
80% of the thermal energy annually produced by the Stirling engines is stored in the soil since
it is generated in summer, when the heating system of the building is off. 75% of this stored
energy is, then, recovered during the winter season and transferred to the evaporators of the
heat pumps. 14% of all heat energy annually required by the heat pumps is directly supplied by
the solar collectors whenever the energy generation is simultaneous with the heating demands
of the building. With this configuration, the heat pump system can cover about 97% of the total
heating demand of the building which annually amounts to 166 MWh. The annual average value
coefficient of performance of the heat pump systems is equal to 5.37, while that of the whole
plant, considering all the electric consumptions, is equal to 4.43. Under these conditions, if it is
further assumed that the electric grid is used as a seasonal storage, it would be possible to cover
all the electric requests from the heat pump employing about 44% of the total electric energy

produced by the solar field during one year. In this way, a very high value, about 96%, of
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thermal energy for heating the building from renewable sources could be achieved which would
correspond to annual savings of 32 tcoz. In addition, there would remain about 45 MWh/year
of electric energy produced by the solar system that could be used either to cover all the other
consumptions of the building or be sold to the national electric grid. Thus, the results of this
model demonstrate the technical feasibility of the new proposed cogeneration layout by also
quantifying the thermal and electrical efficiency values for a plant built in the Southern
Mediterranean basin. However, further economic analyses, based on a plant’s useful lifetime
of 25 years, show that the commercial penetration of these types of systems should be strongly
supported by a national incentive scheme capable of including both a feed-in tariff of about 369
€/MWh and an initial investment financing of at least 40%. Then, a greater commercial
penetration could trigger economies of scale capable to reduction in the installation cost of the
plant itself. Dish-Stirling collectors, for example, although are the most efficient among all the

solar systems, have not yet reached commercial maturity comparable to that of the other CSP

systems.

NOMENCLATURE

a first parameter of the Stirling engine mechanical efficiency curve (Eq. 6)
a second parameter of the Stirling engine mechanical efficiency curve (Eq. 6) [W]
AEOQ amount of avoided CO, emissions [ton/year]

An net effective surface area of the dish collector [m?]

A receiver aperture area [m?]

Ceres unit cost of geothermal well [€/m]

COQ unit revenue related to the amount of CO2 avoided [€/tcoz)

Cec degradation coefficient of the heat pump [-]

Cish unit cost of the dish-Stirling solar concentrator [€/concentrator]

Ce|ed|-id1y unit cost of electricity [€/kWh]

CFt cash flow for the t-th year [€/year]

Chp total cost of the two selected water-to-water heat pumps [€/m]

Ci valorisation coefficient of the thermal energy produced [-]

Crgral unit cost of natural gas [€/kWh]

COPnp coefficient of performance of the heat pumps system [-]
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COP global coefficient of performance of the CHP plant [-]

COPrL full-load coefficient of performance of the heat pump [-]
COPpL partial-load coefficient of performance of the heat pump [-]
Chps volumetric heat capacity of the soil [W/(m?3-K)]

Cp,f specific heat of the heat transfer fluid in the pipes [W/(kg-K)]
EBTES, in thermal energy charged into the BTES [kWh]

EBTES, out thermal energy discharged from the BTES [kWh]

Ec.hp heat supplied by the heat pumps condensers [kWh]

Eenp heat delivered to the heat pump evaporators [kWh]

Eekam electric power absorption of the heat pump [W]

Eele,net net electricity exchanged between the CHP plant and national electric grid [kWh]
Eg gross electric power output of the CSP collector [W]

E%m thermal energy produced by the gas boiler [W]

Enp thermal energy produced by the two heat pumps [kWh]
Eload heating energy demand of the building [kWh]
E, net electric power output of the CSP collector [W]
Ep parasitic electric absorption of the system [W]
Epf’Me average value of the parasitic electric absorption of the system [W]
Eplant,p parasitic electric absorptions of the CHP plant [kKWh]
Esun solar energy collected by the concentrator [kKWh]
Es.out thermal energy produced by the concentrator [kWh]
f Darcy-Weisbach frictional factor [-]
f. annual renewable fraction [%]
hy convective fluid-to-pipe heat exchange coefficient [W/(m?-K)]
hr convective heat exchange coefficient of the receiver [W/(m?-K)]
Hp deep of the boreholes of the BTES [m]

i discount rate [%]
| total initial investment of CHP plant [€]

lb solar beam radiation [W/(m?)]
qu income from the amount of avoided CO2 emissions [€/year]
lel, sold income from the incentive sale of renewable electricity [€/year]
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Ihp income from the installation of renewable heat pumps [€/year]

Ltot total length of boreholes [m]

M median function

Mp cold-side mass flow rate of the heat pump [kg/s]

N gmes mass flow rate of the fluid inside the U-leg exchanger [kg/s]
My mass flow rate of the fluid inside the U-leg exchanger [kg/s]
n pair number of predicted values and actually measured values
Nbh number of boreholes in the innermost ring of the BTES [-]
Nb,s number of boreholes in each series of the BTES [-]

Nb,t total number of boreholes of the BTES [-]

Ndish number of dish-Stirling solar concentrator [-]

Nu Nusselt number of the heat transfer fluid in the pipes [-]

PLF Partial load factor of the heat pump [-]

PLR Partial load ratio of the heat pump [-]

Pn Nominal heat output of the heat pump [W]

Pr Prandtl number of the heat transfer fluid in the pipes [-]
Prsolar bonus corresponding to the solar integration fraction of plant [E/MWh]
Q accuracy ratio

heat power exchanged with the BTES [W]

Qs

Q cooling power of the heat pump [W]

Qs full-load heating power of the heat pump [W]
Qs

current heating power of the heat pump [W]

Q,in heat power absorbed by the receiver [W]

Q. heat loss power from the receiver [W]

Q,in thermal input power of the Stirling engine [W]

Qm thermal output power of the Stirling engine [W]

Quf utilisation coefficient of the heat pumpl[-]

Re Reynolds number of the heat transfer fluid in the pipes [-]

) radius of each borehole of the BTES [m]

Ip,i inner radius of each pipe of the U-leg thermal exchanger [m]
Ipo outer radius of each pipe of the U-leg thermal exchanger [m]
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Rb thermal resistance of the borehole [(m-K)/W]

Rp total thermal resistance of a pipe of the U-leg thermal exchanger[(m-K)/W]
Rt temperature correction factor of Eq. 6 [-]
e, specific emission of CO2 [gCO2/kWhin]
Sb spacing between boreholes [m]
Smmralgas natural gas savings [€/year]
Smm thermal energy savings of building [kWhn]
eergy
Tair temperature of the air [°C]
Tave BTES inlet temperature to the BTES [°C]
Tb basic incentive tariff [€/MWh]
Tei cold-side inlet temperature to the heat pump [°C]
Teo cold-side outlet temperature from the heat pump [°C]
Tt feed-in tariff [E/MWh]
Th,i hot-side inlet temperature to the heat pump [°C]
Tho hot-side outlet temperature from the heat pump [°C]
TiBTES inlet temperature to the BTES [°C]
ToBTES outlet temperature from the BTES [°C]
Tr temperature of the receiver [°C]
To reference temperature [°C]
Tso undisturbed temperature of the soil [°C]
Tsky apparent sky temperature [°C]
U_T lifetime of the plant [year]
VBTES conventional volume of the BTES [m?]
W, mechanical output power of the Stirling engine [W]
Xe half of the shank spacing between U-legs [m]
Xi actually measured value of the i-th pair
yi predicted value of the i-th pair

Greek letters

Aecx)z total annual reduction of emissions [%)]

& absolute roughness of the pipe surface [m]
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Acronyms
ATES
BTES
CHP
CO2
COP
CSP
DNI
DPBT
DST
GHG
GHI
GWTES
HDD
HP

emissivity of the receiver [-]
median symmetric accuracy

overall yield of the existing gas boiler [-]

storage efficiency of the BTES [-]
cleanliness index of the collector mirrors [-]

average value of the cleanliness index of the collector mirrors [-]

electrical efficiency of the alternator [-]

optical efficiency of the collector with clean mirrors [-]
mechanical efficiency of the Stirling engine [-]

thermal efficiency of the Stirling engine [-]

thermal conductivity of the heat transfer fluid [W/(m-K)]
thermal conductivity of the borehole grout [W/(m-K)]
thermal conductivity of the pipe material [W/(m-K)]
average thermal conductivity of the soil [W/(m-K)]
dynamic viscosity of the fluid [kg/(m-s)]
Stefan-Boltzmann constant, 5.67-108 [W/(m?-K*%]

Aquifer Thermal Energy Storage
Boreholes Thermal Energy Storage
Combined Heat and Power

Carbon dioxide

Coefficient of Performance of a heat pump
Concentrating Solar Power

Direct Normal Irradiance
Discounted Payback Time

Duct Ground Heat Storage Model
Greenhouse Gases

Global Horizontal Irradiance
Gravel-Water thermal energy storage
Heating Degrees Days

Heat Pump
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HWTES Hot Water Thermal Energy Storage

IRR Internal Rate of Return

MAPE Mean Absolute Percentage Error

NPV Net Present Value

OEVE Overall Economic Viability Evaluation

PCU Power Conversion Unit

Pl Profitability Index

RES Renewable Energy Sources

STES Seasonal Thermal Energy Storage

STTES Short-Term Thermal Energy Storage

™Y Typical Meteorological Year
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