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Abstract

A direct expansion integrated solar assisted heat pump (ISAHP) is compared to a traditional flat plate
solar panel for low temperature (45 °C) water heating applications. The (simulated) comparison is
accomplished assuming both the devices are energy supplemented with an auxiliary standard gas burner,
to provide the typical heat duty of a four-member family. Literature dynamical models of the systems
involved have been used to calculate the main performance figures in a context of actual climatic
conditions and typical stochastic user demand.

The paper highlights new heat pump control concepts, needed when maximum energy savings are the
main goal of the apparatus for given user demand. Simulations confirm the high collector efficiency of
the ISAHP when its panel/evaporator works at temperature close to the ambient one. The device, with
respect to a flat plate solar water heater, shows a doubled performance, so that it can do the same task just

using an unglazed panel with roughly half of the surface.

Keywords: Solar assisted; Renewable energy; Heat pump; Direct expansion; Water heater



Nomenclature

A heat transfer area (panel/evap.), > m
COP  coeff. of performance of the cycle

G total solar irradiation, Wih
h fluid specific enthalpy, J Ky
k thermal conductivity WK™
KA thermal conductance, wk
M mass, kg
Mc thermal capacity, JK
m mass flow rate, kg's
p pressure, Pa
Pc compressor power, W
q heat transfer rate, w
s thickness of insulating material, m
T temperature, K

v specific volume, fikg™
Subscripts

aux auxiliary

burn  burner

c compressor

cond from the condensing fluid

d lost from the storage tank

evap to the evaporating fluid

e of the ambient (environmental)

el electric

free for free

out

P, pan

spe

stg

tap

in to the panel

out of the condenser
fluid

panel

saved primary energy
refrigerant

storage tank, reservoir
storage

tap water

user

volumetric

evaporator exit
compressor exit
compressor exit (isentropic)
condenser exit

expansion valve exit

Greek symbols

[of

absorptivity (solar wavelengths),
emissivity (infrared),

efficiency,

time,

rotation speed,

performance parameter

mm




1. Introduction

A strong innovation is needed in energy production technologies in order to make renewable energy
resources affordable and competitive with traditional ones and to adhere to the lines settled by the Kyoto
protocol [1] and subsequent international agreements. In the last years, many improvements have been
carried out in the field of air conditioning, heating and refrigeration, thanks to the spreading of heat pump
systems, generally reversible, that allow water heating and air heating or cooling to be performed with a
significant energy saving with respect to traditional electrical and gas systems [2,3]. Scientific research is
being concentrated in the development and improvement of these technologies, integrating them with
other ones (sea water heat exchangers, geothermal pipes, absorption systems).

On the side of solar heaters, several applications are available in the field of low-temperature (around
45°C) water heaters, while some developments are envisaged in the field of solar absorption cooling
plants [4] and solar assisted heat pumps (SAHP). These last can use traditional solar panels to pre-heat a
water tank to be coupled to electrical heat pumps [5], also with intermediate energy storage [6,7], or gas
burners [8] or absorption systems [9,10]. Some industrial attempts are now available on the market [11].

A possible alternative to exploit at best the available solar radiation is to directly use solar panels as
evaporators in a vapor compression heat pump cycle. Recently, the use of fine-tuned control techniques
in order to obtain “optimal performance” from a system is quickly diffusing also in the field of vapor
compression refrigeration technology [12] ,thus matching the need for continuous regulation asked by
these modern devices [13].

Also for this reason there is a growing interest around ISAHP (Integrated Solar Assisted Heat Pump)
technology. We use the term ISAHP to specify that the traditional vapor compression heat pump is
integrated into a solar panel, directly used as the evaporator of the system. These systems are also known
as “direct expansion solar assisted heat pumps” or DX-SAHP.

Various studies on ISAHP models are available. Some of them, e.g. [13], refers to variable speed
compressors, others [14,15] propose the simpler household refrigeration technology to be used as the heat
pump system. For the variable capacity compressors configuration different fluids are being tried [16].

The aim of this work, once a proper dynamic model for the ISAHP is developed and tuned, is to analyze
its performance and compare it to a traditional thermal solar panel (TSP) under variable climatic

conditions and typical stochastic user demand. The comparison is made using an ISAHP bare solar panel



with half the active surface area than that of the one of the TSP device (indeed preliminary tests revealed
a great increase of the ISAHP plate collector efficiency due to its lower working temperature).
Performances are analyzed using actual weather conditions (environmental temperature and solar
radiation) occurred in Genoa, ltaly, during the year 2004. A stochastic model of water variable
consumption (sanitary water) has been provided as well, in order to make the dynamic boundary

conditions of the systems as realistic as possible.

2. BasicISAHP assembly

Figure 1 shows the simplified schematic of the traditional thermal solar panel(TSP) plant, Fig.1A, and its
evolution, the ISAHP, Fig.1B. The basic function is the production of sanitary water at the desired
temperature (e.g. 45 °C), using also some thermal energy by means of an auxiliary burner, when needed.
The two drawings are practically equal except for the presence of the compressor and the expansion valve
in the ISAHP system, which obviously operates with a proper refrigerant fluid. In the traditional panel
the temperatur@,,, of the irradiated plate is, during the active phase, higher than the temp@&tgtafe

the water contained in the storage tank. As a consequence, a great amount of energy is wasted to the
surroundings by means of both radiation and convection. On the other hand, in the innovative device the
compressor (along with the expansion valve) allows a definite temperature difference between the plate
and the heat exchanger (a condenser) to be held. In this way the panel can be maintained near the thermal
equilibrium with the surroundings, and heat transfer losses are minimized. Furthermore, the panel
structure is simplified down to a bare flat metal plate since nor glass cover nor expensive vacuum
solutions are any more required to decrease convection and irradiation losses.

Another advantage of the ISAHP is its potential ability to deliver useful thermal power also during the
night and in the cold months, performance that is precluded to traditional TSP.

Since the panel temperature is also a function of solar radiatiand this last is variable during the day,

a Variable Capacity Compressor (VCC) is needed to take out at any time the right heat rate from the
panel, thus keeping,a, near the environmental one. More sophisticated control techniques, with respect

to the brute on-off regulation, are therefore required to manage the process complexity of this innovative

system during operation.



3. Device models

The formulation of the dynamic model for refrigeration devices presented in [17] has been adapted to the
ISAHP. The scheme of Figure 2(A) focuses on the relevant energy transfer rates occurring in the ISAHP
device:

- Qn thermal power from the surroundings to the solar panel (solar irradiation and other convective

heat transfers);

- Oevap the heat transferred to the operating fluid, equaj,tm steady state conditions;

- Jeond thermal power from the operating fluid to the condenser solid body, ecual itosteady state

conditions;

- Jout thermal power to the water reservoir.

- Osg heat delivered from the storage tank, based on user demand. It is supplememigdnban
instantaneous gas burner if water temperature in the reservoir is less than 45 °C. Otherwise
(Tstig>45°C) a proper mixing with tap water occurs.

- qq: thermal power wasted to the surroundings trough the tank walls.

-y user request.

The model is based on a simplified lumped description of a system operating along an inverse cycle. The

cycle works between thermal sources with finite thermal capacities as shown in Figure 2(A), the external

power, Pc, being provided by means of a VCC. The approach just accounts for the differential equations
governing the time-temperature history of the different devices involving heat transfer (with the
refrigerant fluid and with the outside) while neglecting the dynamics of physical phenomena having time

constants below a few minutes. The general validity of this approach was proven experimentally in [17]

and briefly reported as Appendix.

The model of the traditional solar plant, TSP, is very close to the ISAHP one. The inverse cycle is

replaced by a water circulation loop operated by a hydraulic pump, working between two finite thermal

capacity sources (the solar panel and the water storage tank). In the other parts and components of the
plant (storage tank and gas burner) the same equations of the ISAHP model were used.

Usual forced convection heat transfer calculations have been performed for the water loop, (instead of

ISAHP condenser and evaporator sections), including them in the dynamic TSP system analysis.



The TSP solar panel is conceived as a thin absorber sheét gdtime surface) to which a selective
coating is applied. As usual for TSP, coil tubes are placed in an insulated casing with a glass cover for
reducing convection and irradiation heat losses. The calculated pump power consumption for water
circulation (my,c=120 kg-F") resulted to be negligible.

Concerning the collector efficiencies, both the unglazed active surfacd ¢ the ISAHP and the single

glazed one of the TSP are characterized by efficiency curves comparable to data available in literature
[20]. All the operating and geometrical data used in the calculation are available in Table 1.

The resulting set of differential dynamic equations where solved by means of standard software packages

[21].



4. Working conditions

Simulations were performed using, over a period of one year, actual climatic conditions (environmental
temperature and solar radiation) occurred in Genoa in the year 2004 according to [22]. Figure 3 shows, as
an example, the environmental temperature and the solar radiation during October.

A four-member typical family has been selected as “the user” and the behavior of the ISAHP and the
other TSP device has been investigated regarding their ability to deliver about 250 I/day of sanitary water
(e.g., about 4 showers) with a temperature of 45 °C. The energy saving for both systems, the ISAHP and
the TSP, is calculated with respect to an instantaneous gas burner (combustion efficiency 0.87), which has
been assumed as a reference. The same burner is also employed for energy integration purposes in both
the solar heating setups.

The systems include a 300 liters water storage tank and are controlled by means of very simple operating
criteria. The pump of the TSP is “on” only when the water temperature in the panel is higher than that in
the tank TpaTsig but lower than an imposed maximum temperature of 90 °C. Temperature dead bands
of 3 °C,AT,, and 10°CATy, for the lower and the higher set points respectively have been implemented.
The ISAHP device, instead, employs a variable capacity compressor and its power is controlled in open
loop, making it nearly proportional to the solar incident radiation. In this case, a time dead band of 15
minutes has been adopted to avoid frequent on/off switches (e.g., rapid passage of clouds) to provide
reliable operation for long time. Again, the maximum temperature in the storage tank has been limited as
in the TSP device for safety reasons.

When the water at the outlet of the storage tank has a temperature lower than 45 °C, an instantaneous gas
burner is used as extra energy supplier. On the other hand, when the water from the storage tank has a
temperature exceeding 45 °C, a proper mixing with cold tap water is assumed (see Table 2 for the values
Of Tiap)-

Due to our regulation choice the temperature of the panel is always greater than that of the surroundings,
thus condensation phenomena are unlikely to happen and were not considered in the simulation.

The user load is represented by approximately 250 I/day of 45 °C water (i.e. around 1000 MJ/month).
We simulate this load as a stochastic process that behaves like a typical family making random use of

sanitary water for hygienic purposes, e.g. to have a shower. The use of this approach has to be



emphasized since it provides results different from those coming out of standard “duty cycle load”
methods (e.qg., [23]).

The “one shower process” works as follows: a couple of random numbers representing time intervals are
drawn from two different uniform distributions. The first number is in the range from 2 up to 9 minutes
and represents the shower duration. The second number is the time gap between two showers. It is in the
range 0 - 9 hours between 2:00 and 22:00 o'clock and in the range O - 24 hours otherwise. With these
values the water request history appears to follow a realistic behavior and the global energy demand
approaches quite well the total value of 1000 MJ for one month.

Due to the stochastic nature of the simulation, proper confidence bounds must be added to each numeric
result. We make this in a MonteCarlo fashion, calculating the sample mean and variance from various
(100 runs) simulated experiments and then reporting the 95% confidence bounds of all the calculated

parameters.



5. Performanceindicators

In what follows the definitions of the main figures of merit used to quantify and compare the performance
of the investigated devices are reported. To take into account the random mechanism applied to simulate
the user demand and the variations of the environmental conditions (solar irradiation, temperature, clouds,

and so on) energy data were calculated from integration over a time period of one month.
Coefficient of performance of the thermodynamic cycle (Heat Pump mode)

month month

CoP= jqonddrEE | Pcdrj @)

It is the mean COP of the inverse cycle, based on monthly energy balances.

Second law efficiency (HP subsystem)

The ratio between the work spent a Carnot inverse machine and the one spent by the actual heat pump
subsystem, when operated between the same thermal sources and with the same instantaneous thermal
transfer toward the storage tank;

,7|| = I qCOnd[l_-Il-—paanrl:E ,[P(Zdrj T[K] (4)

month stg month

Exergetic efficiency (HP subsystem)

The ratio between the desired exergy transfer and the exergy input to the HP [24].

-1
_ _ T _ T TIK 5
Mex = jth[qcond[l Tstgj + qevap[l _l_pan]:ldl' [E I::Cd T] [ ] ( )

It will coincide with the previous index whé,, =Te

Solar panel efficiency
It is the ratio between the energy entering the solar collector (the evaporator for the ISAHP) and the

incident irradiated energy;



month month

M pan = jqndr[E IGAde_ (6)

Renewable energy exploitation parameters
Applying, at steady state, global first law energy balance to the system of Figure 2, several energy flow
rates can be observed and the corresponding performance parameters defined (in what follows all thermal
and mechanical powers are considered positive for a simpler reading). Since

qJ = qin + Pc_ qd + qaux (7)
the energy used “for free” since coming from renewable sources (not only solar, if ISAHP operates also
whenTpa, <Te) will be:

qfree= qJ_ qaux_ F?: = qin - qd (8)
These relations should be better used on time-integrated, energy-based mean values, referred to

reasonable long time periods, so we introduce the following;

“for free” fraction

The ratio between free (from the environment) and useful user energy:

-1
Efree = I qfreedTEE J’qudTJ (9)

month month

(it is similar to solar fraction);
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Energy fraction for the Compressor
The ratio between compressor energy consumption and useful thermal energy for the user

Eeomp= ngdrEE qudrj_ (10)

month month

Saved Primary Energy index
It makes a comparison between the actual consumption of primary energy resources and the one needed

in the case of gas burner alone (assumed as a reference)

E E J‘(qaux+ Pcm]burn/nel)dr

£ o=—¢ gas = p ISAHP _ q _ month
spe

Ep gas J. qdr

month

(11)

where some suitable values for the combustion efficiepgy, of the burner and of the conversion
efficiency from primary-to-electric energyj, , is to be assumed. In the present paper the conventional
values 17,,,+=0.87 [25] andn,=0.36 have been assumed, this last being the global average conversion
efficiency for all fossil fuels [26]. For the TSP the saved primary energy index and the “for free” index
will have the same numerical values. Concerning ISAHP, the index defined in Eq. (11) also gives
information about actual money saving, since the ratio between the two conversion efficiency parameters,

Ne 1 Nyyen» has similar values (at least in Italy) to the ratio between the final prices of gas and electric

energy in end uses.

6. Tuning of the control strategy

As said, a variable capacity compressor is employed to better fit the variability of the weather conditions.
In particular the supplied power is made roughly proportional to the solar incident radiation. The right
proportionality factor has been chosen according to a preliminary analysis of the relationship between
Saved Primary Energy indefspe, values and COP values during four representative months as depicted
in Figure 4.

It is confirmed that there is no advantage (from the primary energy saving point of view) in operating the

system at COP values lower than 3, since all that is gained from environmental (free) sources is duly paid

in terms of compressor electric energy consumption. The value of this operative constrain is well known
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and can be inferred, in a roughly way, also from Eq. 7. Neglecting thermal dispersions from the water

storage and in steady state conditions, it emerges that COP has to be greaggr than(2.4 in this
study) to provide useful operations, i,,ésbe> 0, in respect to those of a gas burner alone. On the other

side, the abrupt decline of the curves when COP>20 has to be ascribed to the lack of control ability of the
compressor below 1600 rpm, and to the utilized time dead bands to avoid compressor damages.

For all the months, excluding July, a maximum of the COP is found for values around 7. In any case the
maximum shape is rather flat giving us some flexibility in the final choice to be implemented in the
control algorithm. Higher COP values mean lower average compressor speed with some issues about
lubrication and bearing reliability, therefore it appears reasonable to tune the control law to always
maintain the COP at values around 8. In this way we give up edge performances in favor of greater

system reliability.

7. Resultsand discussion

For the sake of simplicity, all the parameters are presented only with reference to four different
representative months; January, April, July and October. Table 2 shows the performance of the devices
using the defined indices, along with their confidence bounds, plus a few integral quantities.

Month by month, the main average weather conditions (external temperature, irradiation power, rain time
fraction) are given along with the user load info, such as the monthly energy consumption, the average
daily water demand and the temperature of the cold tap water. Also the time averaged (over one month)
temperatures of the panel and of the stored water are given, differentiating between global averages and
averages taken only during active working periods, i.e. with running compressor/pump. These last are
meaningful in the characterization of the average working point of the devices. To avoid the risk of an

oversimplified model, we include in the analysis the monitoring of second law efficiencies as defined in
Eq. 4 and 5. Table 2 puts in evidence valuegpfand /7., around 0.35, typical for this kind of systems,

thus confirming the model is able to keep the main characteristics of “real world” devices.

Figure 5 shows instantaneous collector efficiery%yn, values sampled during the simulation along with

reference literature curves. The reported values correspond to an arbitrary day of July for both ISAHP and

TSP. Dashed lines refer to the assumed reference [20]. On this side, Table 2 shows a clear supremacy of

12



the ISAHP with averaged values quan in the order 0.6-0.8 against a value of 0.3 for the traditional

panel. This confirms ISAHP ability to keep the panel temperature low, in order to reduce heat losses

toward the surroundings, thus achieving high collector efficiency. In the introduction we stressed how

this ISAHP feature corroborate the choice to utilize a strongly reduced active surface comparing different

devices (ISAHP and TSP) able to satisfy the same user request.

Among the various performance parameters introduced in the previous paragraph, we focus our attention

on the saved primary energy inde&pe, and on the free energy inde¥, .. They are reported, for

convenience, also in Figure 6. As expected, despite the halved surface, the ISAHP assures about the same
performance than the TSP. In particular it offers better performance in the cold months, during which the

need of thermal power is usually more important. Only in July the TSP shows a better value Eggeboth
(0.81 versus 0.63 of the ISAHP) agd,, (0.81 versus 0.80 of the ISAHP).
Averaging data over a year basis, it results for the Tgﬁee:z fspe = 0.48 while the ISAHP shows

o= 0.56 andg?spe=0.44. So, the ISAHP maintains the promise to deliver about the same useful heat

power of the TSP using just half of the active solar panel surface. Moreover, it uses a simpler and less
expensive structure: Table 1 reports the innovative panel featuring a weight of 18 kg against 80 kg of the
traditional one (ordinary production of a big Italian manufacturer). As a consequence also the installation
is simplified with an additional cost decrease.

The obtained values of COP need some comments since they appear, at a glance, too much high (around
8), especially if we consider that these are average values, not peak ones. Ordinary air and water heat
pumps exhibit COP values some how in the range 2.5-4.5 and, generally speaking, we are unfamiliar with
values greater than 5 when dealing with inverse cycles, irrespective of their nature. Nevertheless, opposite
to traditional heat pumps, ISAHP evaporator temperature is not linked to the ambient one and the
opportunity to increase the panel temperature to minimize compressor work has to be exploited as
suggested by the simulation results.

However, literature data about solar heat pumps does not seem to confirm this operative choice, and COP
values beyond 7 [27] are rarely found. In our opinion this is probably due to the control criterion often
adopted for these systems, which asks for the collector temperature to be maintained near or below the

environmental one. Many Authors indeed, e.g. [28,29], stress the feature of collecting energy not only

13



from solar irradiation but also from the environment and ambient air (including humidity condensation).
Although this characteristic of the solar assisted heat pumps is one of the key points with respect to TSP,
it has to be exploited during night or, anyway, only in case of low solar irradiation, since it belongs to
system flexibility rather than to system “performance”. As a consequence the results of this study strongly
suggest that the right balance for a good “performance” is towards low compressor energy consumption,
rather than low collector thermal losses.

The main reason for this apparent discrepancy is due to the kind of investigation made in this study,
which refers to the tuning and test of the system when external gas burner device is used for thermal aid,
rather than using an electric boosted one [28] or a standalone system [30]. It seems reasonable that in a
different operative context optimal performance is achieved by means of different working set points.

If we had for instance replaced the gas burner used in the present ISAHP device by means of an
instantaneous electrical heater, hypothetically able to deliver the same thermal power of the gas burner,

we could assumey, =5, = 036t0 convert auxiliary energy into primary energy consumption. In such

a case So, to maximize primary saved energy we have to maxuyizéne power collected

spe = Efree :
by the panel, and this is accomplished by means of low collector temperature both to increase collector

efficiency and to draw energy also from the environmél'q)tan(< T,). This working condition, which

requires to increaseq,, againstg,,, also causes high storage temperatures, driving toward low COP
values as a preferable choice. A very different picture, compared to our gas burner configuration.

We conclude by noting another positive feature of the ISAHP device, i.e. its small electric power
consumption. Indeed, owing to the high values of COP, the compressor energy fraction is, on average,
around 10% of the total useful energy delivered to the user. The combined use of photovoltaic devices,
along with electric energy storage, appears thus feasible even when electric power sources are not

available. This is, in our opinion, an important issue for future studies.

8. Duty cyclesvs. stochastic loads

It frequently happens in current practice that standard duty load cycles, e.g. [31], are used to measure or

estimate conventional solar panel performance, with measuring techniques well consolidated mainly for

steady state at nearly optimal operating conditions.

14



So, significant differences arise between actual data collected during the operating life of the apparatus
and expected parameters based on standard duty load cycles. Usually in a duty cycle the interval between
water usages are well and regularly spaced, so that the storage tank has enough time to receive energy
from the solar panel system, that is to recharge itself. On the contrary, user requests are not so well
placed in the real world. It happens, for instance, that two persons have their showers consecutively, with
no or little time gap in between. In this case the reservoir temperature will drop down and the gas burner

shall supply more energy, with a worsening of béth, and Espe. An increase of the storage tank size is

only of limited usefulness and this is not surprising since a standard load of 0.2 kg/s of 45°C hot water
represents a thermal power of about 25KW£15 °C).

To better quantify this concept the simulations were repeated using a deterministic load, that is assuming
the duration of a shower to be always equal to 5.5 minutes and the wait time fixed at 4.5 or 12 hours (day-
time and night-time respectively). In other words, we substitute the function RND in the programmed
stochastic process with its average value, that is 0.5. The results reported in Table 3 show an

overestimation of bothf, . and &

in respect of the results previously described. This behavior is
particularly marked during July, where differences of about 5+10% can be noted. This kind of results,
worth of further study, rises some doubts about the use of standardized hot water consumption pattern
load such as the aforementioned ISO 9459-3, as reported in [32]. In the authors’ opinion such load
profiles can be used only as a starting point for the design and construction of solar panel systems, while

more realistic stochastic loads are needed to develop detailed analyses and optimized control strategies,

especially when multi-control multi-variable systems like ISAHP are involved.

9. Conclusions

Two contending devices have been modeled and tested in a simulated environment, which provides
realistic energy demand of a four-member family and whether conditions representative of temperate

climates. From these tests several performance parameters have been calculated assuming as a reference

the standard instantaneous gas burner solution.
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The considered devices are an integrated direct expansion solar assisted heat pump (ISAldRd 2 m
traditional flat plate collector solar assembly (TSP, 3. mThey are both boosted by means of an
auxiliary gas burner in order to assure the needed heat duty (45 °C hot water).

The results show that the ISAHP plant can replace the traditional solar water heater using only around
half of its active collector surface. Furthermore, since the ISAHP panel can be maintained at a
temperature nearer the environmental one, it can be used simply bare, without the pricey technologies
(glass cover, insulation, vacuum, etc.) commonly used to minimize the heat losses of a TSP. The
innovative solar panel configuration is therefore lighter and definitely less expensive than the traditional
one, also from the installation cost point of view.

The required electric energy is very small, so that ISAHP configurations can be envisaged with an
integrated photovoltaic surface able to operate, like the natural circulation TSP, also in absence of electric
energy supply.

To obtain the reported results a variable capacity compressor is needed and the necessity to operate at
high COP value is emerged. High COP values were obtained with low compressor speed, thus increasing
the risk for lubrication related problems. However high panel temperatures are needed to fully exploit the
energy potential of solar assisted heat pumps. In other words, the key is toward low compressor energy
consumption, rather than low thermal losses of the solar collector.

This conclusion is valid only when a gas burner is assumed as a reference heat source and boosting
device; different operating conditions (and conclusions) should follow if electrical water heaters were
assumed as reference heating means and boosting devices.

The ISAHP has shown its ability to thermally decouple the solar collector from the storage tank with low
electric power consumption, thus encouraging the studies towards higher temperature applications (60 °C
for heating purposes or even 80 °C for cooling systems coupled to absorption refrigerators). Finally, the
low compressor energy fraction drives to further studies in the field of combined use of photovoltaic
devices, along with electric energy storage, thus opening for ISAHP applications were electric power

sources are not available.
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Appendix - Lumped dynamic model
In this appendix, the simplified dynamic lumped model used to simulate the direct expansion solar

assisted heat pump is synthesized.

A.1 Main assumptions

With reference to the plant sketch of Figure 2(A) and the corresponding thermodynamic cycle of the
refrigerant fluid of Figure 2(B), a model is proposed to describe the dynamic behavior of the systems.
Only the dynamics of the thermal inertias associated to the evaporator/panel, the condenser and storage
tank will be described, while all the phenomena characterized by time constants smaller than few seconds
will be systematically neglected.

In particular the following simplifying hypotheses were assumed:

- evaporation and condensation processes of the fluid are described only by means of steady-state first
law balances;

- the refrigerant fluid temperature is assumed to be the same of that of the involved heat exchanger

body (convective thermal resistances inside tubes have been neglected).

- the whole thermal capacity has been concentrated in the material of the heat exchangers,

- the expansion valve is simply described by its isenthalpic process,

- the dynamics of the reciprocating VCC system (conceived as a hermetic volumetric compressor
operated by an asynchronous electrical motor) and of the associated regulation system (inverter) are
not considered.

The performance of the refrigeration cycle is simulated by means of steady state, off-design calculations
based on the thermodynamics of the refrigerant fluid, developed in a MATLAB Function code and
coupled to a properly adapted NIST REFPROP database [18] for the calculation of the thermophysical

properties.

A.2 - Control volume balance equations
The inlet-outlet energy balance equations, in steady state, for each component of the vapor-compression

system turn out to be (kinetic and gravitational terms neglected as usual):

compressor P =m(h,-h) (A1)
condenser Qorg =M (I‘b - h3) (A.2)
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expansion valve 0 =m(h-h,) (A.3)
evaporator Quap =M (h - h4) (A.4)
where P. is the power (work) done on the refrigerant by the compresggg is the power (heat)

discharged from the refrigerant to the warm region (the condenser inside the water tang,yykitters
the refrigerant coming from the cold region (the evaporatiy)is the refrigerant mass flow ratg; h; h;

andh, represent specific enthalpy values at the relevant points numbered in Figure 2(B).
To avoid misunderstanding, we have used a notation in which all the energy transfers (work and heat) are

assumed to be positive in the direction suggested by the arrows.

A.3 - Dynamic equations

The differential transient equations of the condenser and the evaporator, together with the dynamics of the
storage tank (fully mixed model), were described by means of lumped unsteady energy balance equations
by neglecting, as said, the fluid-wall temperature gradient in respect to the wall-outside gradignts (

=Ts, Tevap:Tl):

condenser (CM )cond d-(;cond = Qond ~ Yout (A-5)
T
dTeva
evaporator/panel (M) evap . ®= 0 ~ Oevap (A.6)
T
dT.
water tank (CM )stg d—itg = Qo= U ~ qstg (A7)

where the proper heat transfer equations are provided in then form

q( = (kp) a—b(Ta _Tb) or q = I:T’(:\’p(-rout _Tin)

A.4 — Constitutive and other relations
Finally, we make use of the analytical description of the fluid enthalpy in correspondence of the
saturation lines (Egs. A.8,A.9), of the relations for the calculation of the actual enthalpy at the compressor

outlet (Egs. A.10, A.11), and of the expression for the refrigerant mass flow rate (Eq. A.12).

h =h(T) (A.8)
h, =h,(T,) (A.9)
he = f(T,,T,) (A.10)
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— (hzid — rﬁ)
7, (hz - h_|_) (A.11)

. w /7
m = (A.12)
60 (T, )
Where V¢ is the compressor displacement. Isentrogic, and volumetric/p, , compressor efficiencies
have been adapted from the performance map data of a major manufacturer [19], relative to the variable

speed drive compressor TLV6K:

n,= 0932~ 008 -0. 0162( 2] (A.13)
)
2
n, = 065 0087( +o oozs{“j 0.00041{p2] (A.14)
P, P,

The model, after a tuning stage, has been tested against an isahp prototype actually under construction at
our department. These very preliminary tests, both static and dynamic, show a good agreement between

simulated and measured behavior, although some differences are still present.
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Tables

Table 1. Main geometrical and thermal data of
the heating systems. See the nomenclature
section for the meaning of each symbol.

ISAHP TSP
panel/evaporator
A, nf 2 4
M, kg 18 80
KA, WK™ 30 35
Mc, JK! 16400 720(
0
a 0.93 0.81
£ 0.4 0.1
compressor
Vee, cm 5.7 -
w, rpm 1600-4500 -
Ny Eq. A13 -
Ne Eq. Al4 -
storage heat
exchanger
Mc, JK! 2000 200(

KA, WK™ 100 50
storage tank

M, kg 300 300
K, Wm'K' 0.06 0.06
S, m 0.05 0.05
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Table 2. Performance comparison results. Four representative months. The behavior ofthe 2 m
innovative panel ISAHP is reported side by side with that of & #aditional thermal panel. All data

are averaged over 100 different simulations. When applicable, the confidence associated to these
results is reported in brackets (as 95% confidence bounds).

January April July October
Te, exttemp, °C 7.1 13.2 23.7 17.6
Tiap cold water temp, °C 12 13 15 14
Tint, internal room tempg 20 22 26 23
Es solar energy, MJ Fulay* 7.7 20.4 27.5 10.0
E_ses Used energy, MJ 1097 1032 992 1000
(17) 17) (16) (17)
Gy, daily water demand, Iddy 265 257 263 257
4) 4) (4) 4)
ISAHP TSP ISAHP TSP ISAHP TSP ISAHP TSP
Toan [°C] 77 130 170 280 296 430 175 24.3
(0.02) (0.02) (0.3) (0.04) (0.07) (0.07) (0.06) (0.02)
T, (HP/TSPON [°C] 104 313 217 556 347 656 182 38.5
(0.05) (0.14) (0.08) (0.27) (0.28) (0.27) (0.26) (0.3)
T [°C] 247 193 391 321 504 427 329 25.2
(0.15) (0.08) (0.25) (0.2) (0.4) (0.3) (0.3) (0.1)
T,y (HPITSP ON)[°C] 26.1 202 404 342 514 438 345 26.3
(0.2) (0.1) (0.24) (0.2) (0.5 (0.2) (0.5 (0.2
Egas burner [MJ] 698 866 265 446 728 180 422 653
17 an (12)  (13) (5) 9) (13) (14)
COPyp 8.1 - 7.9 - 8.9 - 8.1 -
(0.03) (0.05) (0.07) (0.1)
n, 0.35 - 0.32 - 0.31 - 0.34 -
(3103 (4103 (0.014) (71.0°%)
ne 0.36 - 0.35 - 0.34 - 0.36 -
8 (3103 (4003 (0.015) (50107
1 e 084 031 063 031 058 031 091 0.31
(210% (5M0% (310% (5109 (500% (5M0%) (110% (50109
Eree 031 021 064 056 0.8 0.81 0.5 0.34
(510% (310% (0.011) (1M0? (0.016) (0.016) (110% (0.007)
Eepe 025 021 048 056 063 081 0.39 0.34
(6110% (5010°% (0.014) (0.019) (0.024) (0.043) (110?) (1107
Eeomp 0.05 - 0.10 - 0.12 - 0.08 -
(1103 (1103 (1103 (1103
@ HPON)  [rpm] 3650 - 3000 - 2300 - 3050 -
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Table 3. Performance comparison of the results obtained with different thermal
load simulation methods. Free used energy fractfgn, and saved primary

energy index,fspe. User load has been simulated by means of a duty cycle

(duty) rather then using a stochastic process (RND) as in tablg,2.2%3 |
day’.

January April July October Year 04
ISAHP___TSP___ISAHP__ TSP |\ ISAHP TSP [[[ ISAHP TSP | ISAHP TSP

£ RND 031 021 0.64 056 0.80 0.81 050 0.34[0.56 0.48
duty 0.34 0.22 0.67 0.60] 0.85 0.88) 0.53 0.36/0.60 0.51
&, RND 025 021 048 0.56) 063 081 0.39 0.34/0.44 0.48
duty 0.27 0.22 052 0.59] 0.68 0.88] 0.41 0.36/0.47 0.51




Figure Captions

Figure 1. Simplified schematic of a solar panel assembly together with auxiliary means. (A) TSP -
Traditional; (B) ISAHP device - the water loop has been replaced by a refrigerant vapor compression
system.

Figure 2. Block diagram of the ISAHP device. Thermal transfers in evidence.

Figure 3. Genoa (Italy) October 2004, raw data. Environmental temperature (A) and solar irradiation (B).

Figure 4. Saved primary energy indégpe, as a function of the COP for the four representative months.

Figure 5. Instantaneous collector ef‘ficieryyé(dn, values during an arbitrary July day. Dots represent the

calculated data for ISAHP and TSP devices on the basis of simulation results. Dashed lines refer to

literature data [20], respectively for bare panels and for single-glazed panels.

Figure 6. Synthetic view of two main figures of merit from tablér2e used energy fractiorf,  (left)

andSaved primary energy inde¥

spe”

26



Figures

m -
t iv m, T,
::Ts g
t
. e
= i )
n da
t u
e o B T
<€ < a
9 p
r
a
t m .
t : v m, Tu
S
< i e
~
n da '
t u
e B T
<€ <€ a
9 p
r
a
t

Figure 1. Simplified schematic of a solar panel asserbbly together with auxiliary means. (A) TSP - Traditional,

(B) ISAHP device - the water loop has been replaced by a refrigerant vapor compression system.
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calculated data for ISAHP and TSP devices on the basis of simulation results. Dashed lines refer to literature
data [20], respectively for bare panels and for single-glazed panels.
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Figure Al. Diagram of the heating/mixing logic and associated expressions for the involved heat exchanges



Figure A2. ISAHP prototype under construction at the Thermal Energy and Environmental Conditioning

division of our department.



