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Abstract: The study carried out by simulation, concerns the thermal behavior of an office building’s
solar fresh air cooling system, based on a LiBr-H2O absorption chiller in different climatic
conditions. The coefficient of performance (COP) and the solar fraction were considered
performance parameters and were analyzed with respect to the operating limits: risk of
crystallization and maintaining at least a minimum degassing zone. A new correlation between the
required solar hot temperature and the cooling water temperature was established and then
embedded in another new correlation between the COP and the cooling water temperature that
was used in simulations during the whole cooling season corresponding to each location. It was
found that: the solar hot water should be maintained in the range of (80-100) °C depending on the
cooling water temperature, the COP of the solar LiBr-H>O absorption chiller with or without cold
storage tank can reach (76.5-82.4) % depending on the location, and the solar fraction can reach
(29.5-62.0) % without cold storage tank and can exceed 100 % with cold storage tank, the excess
cooling power being available to cover other types of cooling loads: through the building envelope,
from lighting, from occupants, etc.
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1. Introduction

Heating ventilation and air conditioning (HVAC) is one of the major energy consumers in
buildings [1] in the context in which the building sector accounts for 40 % of global energy
consumption [2]. Additionally, global warming is expecting to produce more overheating in
buildings [3].

Since solar radiation is a major component of the cooling load, there is also a challenge to
convert the solar radiation into useful forms of energy [4]. Solar radiation directly influences the
cooling loads of the building, thus the two are correlated at least to a certain extent [5].

Under these circumstances solar cooling systems and particularly solar fresh air cooling
systems (SFACS) were a major research topic in the last years. Between several other solar cooling
technologies, the solar absorption cooling systems (SACS) were found to be the most energy efficient
for 6 major cities in Australia [6]. SACS are considered a sustainable solution as solar driven air
conditioning equipment particularly in warm climates, even if problems related to these systems still
exist [7, 8]. Based on the coefficient of performance (COP) SACS are more efficient than other
systems, such as the adsorption ones [9].

Between several working agents, the LiBr-H20 solution is considered one of the most preferable
option because it is considered to provide the best annual performance [9], it is ecofriendly because
water is used as refrigerant and it provides an excellent cooling potential due to the high latent heat
of water [10].
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The most widespread version of LiBr-H20 SACS is the single effect one and several studies are
dedicated to this type of equipment by experiment [4, 11] or by modelling [12, 13].

Even if air cooling is considered in several studies, all the LiBr-H20 absorption chillers currently
on the market are water-cooled [14] and only a single model of an air-cooled single effect LiBr-H20
absorption chiller has ever been marketed and was available from 2005 to 2008 [14].

One of the main reasons why the expansion of air cooled LiBr-H2O was limited is the
crystallization risk under ambient conditions [15]. This problem also occurs with water cooled
LiBr-H2O absorption systems, because LiBr is a salt with crystalline structure and at any
concentration it crystallizes below a certain temperature [16]. This concern is a major operating issue
of these systems. The possibility of avoiding the crystallization problem was investigated in some
studies including [8, 17]. Despite these concerns, recommendations related to the accepted operating
conditions capable to avoid crystallization in solar LiBr-H20O SACS are not easily available in
literature.

Another operating problem of SACS is providing a minimum concentrations difference
between the diluted and the concentrated solution, named degassing zone. This parameter is
important because the solutions flow rates depend on the degassing zone, and low values of
degassing zone determines high solutions flow rates [7, 10, 13]. Despite the dependence between the
degassing zone and the solutions flow rates for the LiBr-H>0O, recommendations for the minimum
acceptable degassing zone are not available in the literature.

The SACS can be driven by hot water with relatively low temperature that can be provided by
common flat or evacuated tubes solar thermal collectors [6, 9]. Concentrating solar collectors are also
used in some solar cooling studies [5, 13].

In order to provide more constant cooling power, several SACS are equipped with hot water
storage tanks, but in some cases, cold water storage is preferred because of lower losses [4].

The goal of the study is to provide both performances and limits of water cooled LiBr-H20
SACS in different operating conditions. The COP of the absorption system and the solar fraction
were evaluated as efficiency parameters. A new correlation between the required solar hot
temperature and the cooling water temperature was established and then embedded in the new
correlation between the COP and the cooling water temperature. This correlation was used in
simulations during the whole cooling season corresponding to each location. The risk of
crystallization and the minimum degassing zone were considered the limitations from an operating
conditions point of view. The study is continuing previous investigations related to the energy
efficiency in buildings: the use of phase change materials in fresh air cooling system [18]; evaluation
of performances and limits of solar driven absorption chiller [17]; presentation of long term
experimental study of a geothermal heat pump [19]; or evaluation of indirect evaporative cooling
performances [20].

2. Material and Method

2.1. Characteristics of the building and climatic conditions

An office building completely characterized and previously investigated in [18] was also
considered in this study, situated in different locations worldwide to evaluate the influence of the
climatic conditions on the solar cooling system.

A 3D drawing of the building with the solar thermal collectors placed on the roof is presented in
figure 1.
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Figure 1. The 3D drawing of the building equipped with solar thermal collectors.
The solar thermal collectors are considered oriented to the South.
The climatic characteristics of the locations considered in this study, according to the

Koppen-Geiger classification, are presented in table 1.

Table 1. Climatic characteristics of the locations.

Latitude Longitude Altitude Time zone Climate

Location Country Climate description

[°] [°] [m] [hours] classification
Berlin DEU 52517N 13389 E 44 1 Dfb Warm humid continental climate
Paris FRA  48857N 2351E 30 1 Cfb Oceanic climate
Monaco FRA 43731N 7420E 2 1 Csa Hot-summer Mediterranean climate
Rome ITA 41893 N 12483 E 42 1 Csa Hot-summer Mediterranean climate
Seville ESP  37.094N 2358E 499 1 Csa Hot-summer Mediterranean climate
Cairo EGY 30.049N 31244E 41 2 BWh Hot desert climate
Phoenix USA  33450N 111.983W 337 -7 BWh Hot desert climate
Las Vegas USA  30.083N 11515W 648 -8 BWk Tropical and subtropical desert climate

The climatic data for each location is considered based on the available typical meteorological
year (TMY). The use of TMY data is typical for several studies related to the energy efficiency in
buildings like [21, 22]. TMY presents hourly based variations of several climatic parameters like:
global solar radiation on horizontal plane (I [W/m?]), ambient (or dry bulb) temperature (ta [°C]),
direct (lair [W/m?]) and diffuse (Iairt [W/m?]) solar radiation on horizontal plane, relative humidity of
the air (¢ [%]), wet bulb temperature (tws [°C]) etc.

The variations of the input data and of the calculated values of different parameters are
presented for only two representative locations corresponding to minimum and maximum values of

different TMY based criteria as presented in table 2.

Table 2. Locations with minimum and maximum values of climatic parameters

TMY based criteria Min Max

Total yearly global solar radiation on horizontal plane Berlin Cairo
Maximum dry bulb temperature Monaco  Las Vegas, Phoenix
Maximum wet bulb temperature Berlin Phoenix

Since there are 5 locations that reach at least one minimum or maximum value for one of the
three considered climatic criteria (Berlin, Monaco, Cairo, Las Vegas and Phoenix), Berlin was
selected with two minimum values and Phoenix with two maximum values. All of the data

variations were represented only for the two selected locations.
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The yearly variation of the global solar radiation on horizontal plane and of the ambient
temperature for the locations of Berlin and Phoenix are presented in figure 2.
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Figure 2. Global solar radiation on horizontal plane and ambient temperature.
The following data relevant to the HVAC studies, corresponding to each considered location,
are presented in table 3: total yearly global solar radiation on horizontal plane, maximum ambient

temperature and maximum wet bulb temperature.

Table 3. TMY based data characteristics for each location.

Total yearly global solar Maximum dry bulb  Maximum wet bulb

Location radiation on horizontal plane temperature temperature
[kWh/m?/year] [°C] [°Cl
Berlin 1077 35.4 23.6
Paris 1153 325 23.8
Monaco 1595 28.1 25.2
Rome 1669 32.1 24.8
Seville 1851 40.4 25.2
Cairo 2209 39.7 24.7
Phoenix 2094 44.4 26.0
Las Vegas 2032 444 24.4

Solar radiation is important because it is the driving parameter for both the cooling load of the
building and the solar cooling system. The dry bulb temperature is important because it represents
the inlet air temperature in the HVAC system. The wet bulb temperature is also important because it
influences the cooling water temperature at the outlet of the cooling towers. Important differences
can be observed between all of the presented parameters.

2.2. Characteristics of the solar cooling system

The considered fresh air solar cooling system is of LiBr-H20 absorption type and is presented as
energy flow scheme in figure 3.
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Figure 3. Energy flow scheme of a solar absorption fresh air cooling system.

The fresh air cooling system includes a HVAC unit, where the fresh air is cooled in a fan and coil
heat exchanger supplied with cold water from a LiBr-H20 absorption chiller driven by the hot water
provided by the solar thermal system. The effect of a cold water storage tank on the characteristics of
the solar cooling system was also evaluated.

The cooling of the absorption chiller is provided by a cooling water circuit, equipped with
adequate water cooling tower.

If the cooling power of the solar driven absorption chiller is not sufficient, the auxiliary electric
chiller starts running to complete the required cooling power.

In this study, the electrical energy required for recirculating the chilled water, the hot water and
the cooling water were neglected, being much lower than the electrical energy required to run the
compressor of the electric chiller.

The principle scheme of the LiBr-H2O solar absorption chiller is presented in figure 4.
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Figure 4. The principle scheme of the LiBr-H20 solar absorption chiller

The main refrigerating circuit is composed of the condenser, the expansion device and the
evaporator, while the thermochemical compressor is composed of the following components:
absorber; diluted solution pump; generator; expansion device of the concentrated solution and heat
exchanger. The refrigerant of the absorption chiller is H20, while LiBr is the solvent. The working
process of the main refrigerating circuit is presented in figure 5 in the pressure — enthalpy diagram,
while the working process of the LiBr-H2O solution is presented in figure 6 in the enthalpy —
concentration diagram.
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The red line on the enthalpy — concentration diagram represents the crystallization curve and the
working states of the LiBr-H20 solution must always be above this curve. The crystallization is
avoided if the temperature in the closest state (t10 [°C]) is higher than the crystallization temperature (t
[°CD):

tio > ter (1)

The difference between the concentrations of diluted solution ({z [%]) and of concentrated
solutions ({c [%]), representing the degassing zone (4{=(i-{c [%]), must be maintained higher than a
minimum value (4uin [%]). In this study 4&nin=6 %.

The standard thermal regime of the chilled water circuit is identical for both absorption and
electric chiller and is characterized by the flow temperature (f=7 °C) and by the return temperature (t-
=12 °C). I, due to the operating conditions of the absorption chiller, this thermal regime cannot be
reached, an alternative chilled water thermal regime of (12-17) °C will be used.

The thermal regime of the cooling water circuit depends on the ambient air temperature and
humidity. The flow temperature on the cooling water circuit (¢ [°C]) is dependent on the wet bulb
temperature. The return temperature on the cooling water circuit (- [°C]) is controlled to maintain a
constant temperature difference (dtw=tr-t=5 °C).

The thermal regime of the solar hot water is determined by the hot water flow temperature (s
[°C]) and by the hot water return temperature (fn [°C]). The flow rate of the hot water circuit is
controlled to maintain a temperature difference (4ti=ta-t#=5 °C). The hot water parameters must avoid
crystallization and must ensure at least the minimum value of the degassing zone.

The internal working conditions are determined as a function of the external working conditions.

The evaporating temperature (to [°C]) was determined as a function of the return temperature on
the chilled water circuit:

to = t, — At (2

where 4t=8 °C.
The condensing temperature (t [°C]) was determined as a function of the flow temperature on the
cooling water circuit:

tk = th - Atk (3)

where A4t=8 °C.

The diluted solution temperature at the outlet of the absorber (s [°C]) was considered equal with
the condensing temperature and the temperature at the outlet of the generator (s [°C]) was considered
lower than the flow temperature of the hot water circuit:

te = trp — Aty (4)

where At=10 °C.

The subcooling of the diluted solution at the outlet of the heat exchanger was considered
(4t=te-ts=10 °C).

The state parameters of the water and of the LiBr-H:O solutions (including enthalpy,
temperature, pressure, concentration, etc.) together with the thermal power of all of the absorption
chiller components were determined using the Engineering Equation Solver (EES) software platform.

The mass flow rate on the main refrigerating (m [kg/s]) circuit was determined as:

. Q
= Ths—ha) ©)

The mass flow rates of the diluted solution (m, [kg/s]) and of the concentrated solution (m,
[kg/s]) were determined from the mass balance and from the water balance of the absorber:

o (1-xg) |
Ma = m(xs—x7) !

e =M — 1y (6)
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The enthalpy of the diluted solution at the heat exchanger outlet was determined as:
(e (hg—heq)+Mg-ho)
R %
The thermal power of the condenser (Q;, [kW]) was determined as:
Qk = (h, — h3) 8
The thermal power of the absorber (@4, [kW]) was determined as:
Qap = M- hs + 1R - hy — 1y - hg €
The thermal power of the generator (Q; [kW]) was determined as:
Qg =1 - hy + 1. - hg — g - hog (10)
The coefficient of performance (COP [-]) was determined as:
cop=% (11)

QG

The mathematical algorithm was implemented in Engineering Equation Software (EES) that
solves the coupled non-linear algebraic and differential equations. An important feature of this
software platform is the capability to calculate thermodynamic and transport property for numerous
substances. The mathematical model of the LiBr-H20O absorption chiller was already used and
validated in [17]. All the other calculations were implemented in Excel and were carried out on an
hourly basis due to the hourly input data of the TMY.

2.3. Characteristics of the solar thermal collectors

The hot water that drives the absorption chiller is provided by a solar thermal system. In this
study evacuated tubes solar collectors (ETSC) of SolarUK LaZer2 type were considered.
The efficiency of the ETSC (1 [-]) can be determined as [23, 24, 25]:
tavg—ta (tavg_ta)z (12)

Nen = Mo — A1 —, ) 1
gt gt

where 10=0.753 is the optical efficiency of the collector, while a:=1.54 W/m?K and 4.=0.0099
W/m?K? are coefficients of heat loss. The aperture area of this collector is of 1.864 m?2. These values of
the ETSC parameters are public, in the test report factsheet of the considered collector, provided by
SPF Institute for Solar Technology.

twg [°C] is the average temperature of the hot water in the collectors, t. [°C] is the ambient air
temperature and It [W/m?] is the incident solar radiation on the tilted plane of the ETSC.

In this study, the temperature variation of the hot water in the ETSC is considered to be 20 °C and
the outlet solar hot water temperature is considered dependent on the absorption chiller cooling water
temperature.

Figure 7 presents the ETSC thermal efficiency for the two locations.

% %
2800 3300 3800 4300 4800 5300 5800 2100 3100 4100 5100 6100 7100
Time [hours] (May-August) Time [hours] (April-October)
a. Berlin b. Phoenix

Figure 7. ETSC thermal efficiency for the two locations.
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These values are in good agreement with the literature: 65 % [15], 60-75 % [26], 78 % [4], 73 %
[27], 45-70 % [28].

3. Results and discussion

3.1. Cooling load

Climatic conditions of each location influence the cooling load of the considered office building.

The fresh air volume flow rate (V, = 7447 m3/h) is constant during the operating periods and
was determined as function of number of occupants and of available floor surface [18].

The fresh air mass flow rate (1, [kg/s]) was determined as:

Mg = Pg Va (13)

where p. [kg/m?] is the air density considered variable with temperature and moisture.
The sensible fresh air cooling load (Q, [kW]) was determined as

QO = ma *Cq (ta - ts) (14)

where c. = 1 k]J/kgK is the specific heat of the air, t. = fa [°C] is the ambient air (or the dry bulb)
temperature and fs = 22 °C is the supply air temperature, considered constant to provide constant
comfort conditions inside the building. It was considered that the inside temperature is also
maintained constant (ti» = 25 °C) and fresh air cooling is required only when (ta > tin).

In the same conditions, the total fresh air cooling load (Qo, [kW]) was determined as :

Qon =My - (ha - hs) (15)

where ha and hs are the enthalpies of the ambient air and of the supply air, respectively.

The supply air enthalpy was determined at the considered supply temperature taking into
account two possible cooling cases of the ambient air: at constant humidity ratio or with drying. If
the temperature of the heat transfer surface between the chilled water and the air is higher than the
dew point of the ambient air the cooling takes place at constant humidity ratio and otherwise with
drying. The temperature of the heat transfer surface was considered with 2 °C higher than the
average temperature of the chilled water in the air heat exchanger of the HVAC unit.

The other components of the cooling load in the same office building, considered situated in
different locations are presented in [18].

Table 4 presents the periods in which the fresh air cooling is needed, the maximum sensible
cooling load and the maximum total cooling load, for each location.

Table 4. Periods in which the fresh air cooling is needed and the maximum cooling load.

Location = Beginning month  Ending month Mfch. sensible Max. total
cooling load [kKW]  cooling load [kW]
Berlin May August 31.30 37.84
Paris June September 24.68 44.00
Monaco August August 14.62 33.04
Rome June September 23.89 42.29
Seville April September 42.23 55.71
Cairo April October 46.31 46.64
Phoenix April October 50.75 69.09
Las Vegas April October 50.75 55.87

The minimum values of both the maximum sensible cooling load and the maximum total
cooling load correspond to the same location: Monaco, while the maximum values of the same
parameters correspond to different locations. The maximum sensible cooling load corresponds to
both Phoenix and Las Vegas and the maximum total cooling load corresponds to Phoenix.
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Figure 8 presents the cooling load variation for two of the considered locations: Berlin and
Phoenix.
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Figure 8. Cooling load variation for two considered locations.

The presented data sustains that the location is considerably influencing both the cooling load
and the duration of the cooling period. It can also be observed that the points of the maximum
sensible and total cooling load do not occur in correspondence.

3.2. Operating limits

Operating limits of the LiBr-H2O absorption chiller are determined by the crystallization risk
and by the reduction of the degassing zone. The crystallization risk depends on the correlation
between both cooling water temperature and hot water temperature. Figure 9 presents the safe zone

and the crystallization zone as a function of the two mentioned temperatures for the two thermal
regimes of the chilled water.
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Figure 9. Safe zone and crystallization zone.

The operating conditions must always be situated bellow the crystallization curve presented in
figure 8 that must be correlated with the crystallization curve presented in figure 6.

State 10 (fig. 6) is the most critical from the crystallization point of view. The position of state 10
on the enthalpy — concentration diagram is determined at the intersection between the concentration
of state 6 (Cs [%]) and the evaporating pressure (po [bar]) (similar with the absorption pressure). The
concentration of state 6 (Ce) at its turn, is influenced by the condensing pressure (px [bar]) (similar
with the generator pressure) and by the hot water temperature as suggested in figure 10.
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Figure 10. Influence of different parameters on the risk of crystallization

At a certain value of the condensing pressure (and of the corresponding cooling water
temperature), lower values of the hot water temperature determines lower values of the

concentrations, reducing the risk of crystallization.
At a certain value of the hot water temperature, higher values of the condensing pressure (and of the

corresponding cooling water temperature) determines lower values of the concentrations, reducing
the risk of crystallization.

It can be concluded that low values of the cooling water temperatures (low values of
condensing pressure) should be associated with lower values of the hot water temperatures to avoid
the risk of crystallization. Similar, high values of the cooling water temperatures (high values of
condensing pressure) should be associated with higher values of the hot water temperatures to
avoid the risk of crystallization. This interdependence between the cooling water temperature and
the hot water temperature to avoid the risk of crystallization is presented in figure 9.

The influence of the cooling water temperature on the degassing zone for different hot water
temperatures is presented on figure 11.
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Figure 11. Influence of the cooling water and hot water temperature on the degassing zone.

The degassing zone is decreasing with the increase of the cooling water temperature (equal
with the wet bulb temperature). The upper limits of each line on the chart represent the
crystallization limit for each hot water temperature. Each line, corresponding to different hot water

temperatures, presents as left limit: the minimum cooling water temperature that avoids
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crystallization, and as right limit, the maximum cooling water temperature corresponding to the
minimum accepted degassing zone.

Since the concentration of states 10 and 6 (Ciw0=Cs) is determined as it was presented, the
degassing zone is determined by the concentration of states 8 and 1 ((s=C1), respectively on the
concentration of the diluted solution. The influence of the cooling water and of the chilled water

temperatures on the diluted solution concentration is presented in figure 12.
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Figure 12. Influence of different parameters on the diluted solution concentration

At a certain value of the evaporating pressure (and of the corresponding chilled water
temperature), lower values of the condensing temperature (and of the corresponding cooling water
temperature) determines lower values of the diluted solution concentration and higher values of the
degassing zone.

At a certain value of the condensing temperature (and of the corresponding cooling water
temperature), higher values of the evaporating pressure (and of the corresponding chilled water
temperature) determines lower values of the diluted solution concentration and higher values of the
degassing zone.

It can be concluded that if the chilled water temperature and thus the evaporating pressure is
constant, if the hot water temperature is also known (and determined in such a manner as to
eliminate the risk of crystallization), low values of the condensing temperature (and of the
corresponding cooling water temperature) determines lower values of the diluted solution
concentration and higher values of the degassing zone.

Since the operating conditions must satisfy both conditions of no crystallization and sufficient
degassing zone, the hot water temperature must be correlated with the cooling water temperature in
order to satisfy both restrictions. Thus, at a certain value of the hot water temperature exists a lower
value of the cooling water temperature limited by the crystallization risk and a higher value of the

cooling water temperature limited by the minimum required degassing zone.

It can be observed that the degassing zone is decreasing with the increase of the cooling water
temperature. The upper limits of each line on the chart represent the crystallization limit for each hot
water temperature. Each line, corresponding to different hot water temperatures, presents as left
limit the minimum cooling water temperature that avoids crystallization and as right limit, the
maximum cooling water temperature corresponding to the minimum accepted degassing zone.
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Figure 13 presents the acceptable operating ranges from the cooling water and hot water
temperatures point of view.
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Figure 13. Acceptable operating ranges.

Since the acceptable operation zone depends on both hot water and cooling water
temperatures, it was established and represented on the chart the dependence between the hot water
and the cooling water temperature. The original correlation for the solar hot water temperature (fx
[°C]) as function of the cooling water temperature (f» [°C]) to ensure acceptable operating conditions
is:

th=a-t3 —b-ty+c (16)

The coefficients of the hot water temperature correlation are presented in table 5.

Table 5. The coefficients of the hot water temperature correlation

Chilled water Correlation coefficients Availability range
thermal regime a b c (cooling water thermal regime)
(7-12) °C 0.1233 3.7314 107.76 (17-28) °C
(12-17) °C 0.0424 0.3116 66.18 (10-32) °C

The availability range of this correlation is of tw=(17-28) °C. The hot water temperature at the
outlet of the solar thermal system should be constant at 80 °C, with the cooling water temperature in
the range of tw=(12-17) °C. If the cooling water temperature at the outlet of the cooling tower tends to
decrease bellow 12 °C due to the actual operating conditions, the cooling tower must be regulated in

order to maintain the outlet cooling water temperature higher than 12 °C.

Figure 14 presents the variation of the cooling water temperature at the outlet of the cooling
tower.
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Figure 14. The variation of the cooling water temperature for two locations.
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The difference between the cooling water temperature at the outlet of the cooling tower and the
wet bulb temperature of the ambient air at the inlet in the cooling towers is considered to be 5 °C, in
agreement with similar values reported in the literature. This parameter is considered in the range of
(3.2-4.8) °C in [29], and in the range of (1.5-5.5) °C in [30]. The wet bulb temperature variation, used
to determine the cooling water temperature variations presented in figure 14, was taken from the
TMY as previously mentioned.

Figure 15 presents the variation of the required solar hot water temperature with time,
determined by the cooling water temperature variation, for two of the considered locations: Berlin
and Phoenix.
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Figure 15. The variation of the required solar hot water temperature for two locations.

The higher values of the solar hot water temperature correspond to the higher values of the
cooling water temperature. The variations of the solar hot water temperature presented in figure 15
were determined by using the correlation provided in equation (16).

The minimum outlet solar hot water temperature is 80 °C for all locations. The maximum outlet
solar hot water temperature is 100 °C for all locations except for Cairo for which the value is of 96 °C.

Similar values are reported in the literature for the solar hot water temperature: 80-90 °C [28],
55-135 °C [8], 90-100 °C [15], 85-90 °C [31], 84-120 °C [14].

3.3. COP of the solar absorption chiller and of the electric chiller

The COP depends on the thermal regimes of the three connected circuits: cooled water; hot
water and cooling water. Since the chilled water thermal regime is constant at (7-12) °C or (12-17) °C,
COP depends only on the cooling water temperature and on the hot water temperature that at its
turn must be correlated with the cooling water temperature.

Figure 16 presents the variation curves of COP with the cooling water temperature for different
hot water temperatures.
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Figure 16. Variation of COP with the cooling water temperature and with hot water temperatures

For each hot water temperature in the range of (80-100) °C the cooling water temperature was
considered in the acceptable variation range. The dotted line presents the COP variation with the
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cooling water temperature. This variation also includes the hot water dependence on the cooling
water.

The correlations for the COP as a function of the cooling water temperature that includes the
hot water temperature dependence on the same cooling water temperature (COP=f(tw,tn(tw)=f(tw))
was determined as:

COP=a-ti+b-t,+c (17)

The coefficients of the COP correlations are presented in table 6.

Table 6. COP correlation coefficients

Chilled water Correlation coefficients Availability range
thermal regime a b c (cooling water thermal regime)
(7-12) °C 0.0 -0.0088  0.93 (17-28) °C
(12-17) °C -0.000135  -0.0027  0.9107 (10-32) °C

Figure 17 presents the COP variation as a function of time, for two of the considered locations:
Berlin and Phoenix.
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Figure 17. The COP variation for two locations.

The higher values of the COP correspond to the lower values of the cooling water and solar hot
water temperatures.

The COP values are in good agreement with the ones reported in the literature: 64-76 % [31],
71-84 % [10], 80 % [8], 40-80 % [9].

The electric power needed to run the electric chiller (P« [kW]) was determined as:

_ Qo,deficit
Py, = Sodepics (18)

where Qo,deficit [kW] is the difference between the cooling load and the cooling power of the
absorption chiller.
The solar fraction (SF [%]) was defined as the ratio between the cooling power and the cooling
load:
SF= % (19)

Qon

3.4. Effect of chilled water storage

If the SFACS includes a chilled water storage tank (cold storage), several characteristics of the
system can be modified: number (or area) of the ETSC; maximum cooling power of the absorption
chiller, etc.

In this study, the ETSC field was designed for each location to completely eliminate the electric
chiller when chilled water storage is present. The behaviors of the SFACS with the same ETSC field
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but without storage are also presented. With storage, the absorption chiller can operate and
cumulate cold, even when fresh air cooling is not needed. The main advantage of the cold storage is
the possibility to reduce the maximum cooling power considerably under the cooling load and
furthermore the dimensions of the ETSC field.

The problem of sizing the chilled water storage was not approached in this study. It was simply
considered that if the cooling power of the SFACS is higher than the cooling load, the exceeding
cooling load can be stored as chilled water, to be used when the cooling load exceeds the cooling
power.

Figure 18 presents the cooling power and the total cooling load with and without storage in
comparison to the cooling load, for two of the considered locations: Berlin and Phoenix.
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Figure 18. The cooling power with and without storage for two locations.

The fresh air cooling loads, presented in figure 18, were determined based on equation (15) and

the cooling powers, presented in the same figure, were determined as the product between the COP
and the solar heating power (equal with the thermal power of the generator) as stated in equation
(11). At its turn, the COP was determined based on the correlation provided in equation (17).
Solar cooling with storage is always provided when solar radiation is available, even if the building
does not require cooling, as presented in figure 18.a and 18.b. Solar cooling without storage is
provided only if the building requires cooling and if solar radiation is available, as presented in
figure 18.c and 18.d.

Figure 19 presents the evolution of the stored cold for two of the considered locations: Berlin
and Phoenix.
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Figure 19. The stored cold.

It can be observed that the cold accumulated in periods with lower cooling load is used in the
periods with high cooling demand in such a manner so that there are no periods with cold deficit.
This was the dimensioning criteria for the ETSC field. The number of ETSC for each location is the
minimum number that assures no cooling deficit.

When cold is accumulated the trend of the curves presented in figure 19 is ascendant, while
when the stored cold is used the trend of the curves presented in figure 19 is descendent

The produced cooling power is higher in some periods and lower in other periods in
comparison to the required cooling load. Using storage, the cold deficit is always avoided, and the
seasonal cold balance is of such manner that the SFACS always produces more cooling than
required, meaning that the seasonal solar fraction is always higher than 100 %.

Figure 20 presents the instantaneous solar fraction without storage, for the two locations.
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Figure 20. Variation of instantaneous solar fraction without storage

Since the SFACS are designed to operate with storage and thus with reduced cooling power,
without storage the total cooling load can be completely covered by the absorption chiller (solar
fraction a 100 %) only in periods with reduced cooling load and with high solar radiation.

The cooling power (chilled water), the solar heating power and the cooling power of the cooling
tower as main components of the thermal energy balance of the SFACS are presented in figure 21 for
both considered locations: Berlin and Phoenix.
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Figure 21. The main components of the SFACS thermal energy balance.
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The thermal energy balance of the SFACS highlight that the sum of the entered thermal powers
(the cooling power of the evaporator and the thermal power of the generator) is equal with the sum
of the evacuated thermal powers (of the absorber and of the condenser). The thermal power of the
generator is equal with the solar heating power of the ETSC and the sum between the thermal
powers of the absorber and of the condenser represents the thermal power of the cooling tower.
Thus, the cooling power of the cooling tower is always equal with the sum between the provided
cooling power and the solar heating power, while the cooling power is always lower than the solar
heating power, the ratio between the two parameters being the COP.

It can also be observed that the amounts of the thermal balance components are about four
times higher in Phoenix than the corresponding values in Berlin.

Table 7 presents some characteristics of the SFACS for each location.

Table. 7. Characteristics of the SFACS for each location

Location Berlin  Paris Monaco Rome Seville Cairo Phoenix Las Vegas
No. of ETSC [pcs] 14 12 18 28 30 29 44 32
Total aperture 26.1 224 33.6 52.2 55.9 54.1 82.0 59.6
surface [m?]

Max. cooling load [kW] 37.84  44.00 33.04 4229 5571  46.64 69.09 55.87
No. of operating hours at 0 0 121 25 32 0 157 4
(12-17) °C chilled water [h]

Max. absorption 1315  10.75 1470 2389 2686 3026 45.29 3348

cooling power

(with storage) [kW]

Max. absorption 11.99  10.40 14.41 2236 2646  29.62  40.06 30.86
cooling power

(without storage) [kW]

Electrical power 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(with storage) [kW]

Max. electrical power 9.10 11.58 9.56 10.14 12.72 6.73 18.04 13.67
(without storage) [kW]

Total cooling load 6.14 2.56 2.09 12.74 24.18 31.79 41.90 31.07
(seasonal) [MWh]

Seasonal solar fraction 1068 % 1769 % 1144% 121.0% 1029% 1099% 1119% 1158 %
(with storage) [%]

Seasonal solar fraction 357% 295% 353% 572% 524% 574% 620% 53.9 %

(without storage) [%l]
Seasonal electric fraction 643% 705% 647% 428% 476% 426% 380% 46.1 %

(without storage) [%]

Total electrical energy 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(with storage) [kWh]

Total electrical energy 955.7  465.0 382.3  1455.0 1048.2 2261.6 41923 3431.8
(without storage) [kWh]

Seasonal energy efficiency 4.1 3.9 3.5 3.7 3.8 6.0 3.8 42
ratio (electric) (SEERel) [-]

Seasonal energy efficiency 6.4 5.5 5.5 8.8 8.8 14.1 10.0 9.1

ratio (global) (SEERg]) [-]

Several observations can be made by analyzing the comparative data concerning the SFACS.

The climate type is not sufficient to provide not even a guideline concerning the SFACS.
Calculations are always needed and should be based on particular local climate or meteorological
data. In this study TMY was used. As example, locations with similar climate type (Cairo and
Phoenix) are characterized by different maximum cooling load (46.64 kW and 69.09 kW,
respectively), by different maximum cooling power of the absorption chiller in both operating
situations: (with cold storage 30.26 kW and 45.29 kW, respectively) or (without cold storage 29.62


https://doi.org/10.20944/preprints201905.0354.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2019 d0i:10.20944/preprints201905.0354.v1

3 of 22

kW and 40.06 kW, respectively), by different number of ETCS (29 and 44, respectively), etc. As
another example, even if situated in different climate zones, the characteristics of the SFACS in
Seville and in Cairo are almost similar. Another comparison can be carried out between Seville and
Cairo. In Seville the number of ECTS (30) is higher than in Cairo (29), but the provided cooling
power with and without storage is lower than in Cairo (26.86 kW vs. 30.26 kW with storage and
26.46 kW vs. 29.62 kW without storage).

The major benefit of using the cold storage tank is that on one hand it can reduce the required
cooling power and furthermore the size of ECTS field and on the another hand it does not require
the electric chiller and its electrical energy consumption.

It can be observed that the values of the maximum absorption cooling power with storage are
higher than the values of the maximum absorption cooling power without storage for all the
considered locations. This occurs due to the fact that, with storage there are more operating periods
than without storage and if the number of operating periods increases then the chance to reach more
favorable operating conditions also increases, with high solar radiation and high COP.

Without cold storage, the SFACS can’t provide enough cooling power to cover the whole
cooling demand. Thus, when the cooping power provided by the SFACS is insufficient, the
operation of the electric chiller is required.

Depending on the local meteorological conditions, the characteristics of the SFACS varies
considerably:

- The number of ETCS varies from 12 in Paris up to 44 in Phoenix and the corresponding total
aperture area from 22.4 m? in Paris to 82.0 m? in Phoenix;

- The total seasonal cooling load represents the total required cooling energy. This parameter
is calculated hourly as the product between the cooling load (thermal power) and the
period of time when cold is required. The sum of the hourly required cooling energy
represents the total seasonal cooling load and varies between 2.09 MWh in Monaco up to
41.90 MWh in Phoenix.

- The cooling power of the absorption chiller with cooling storage varies from 10.75 kW in
Paris up to 45.29 kW in Phoenix;

- The cooling power of the absorption chiller without cooling storage varies from 10.40 kW in
Paris up to 40.06 kW in Phoenix;

- The cooling storage proved to be capable to cover the cooling load without the electric
chiller and the corresponding electrical energy consumption;

- The maximum required electric power of the electric chiller, without storage varies-between
6.73 kW in Cairo up to 18.04 kW in Phoenix;

- The seasonal solar fraction with storage is higher than 100 % meaning that with storage
more cold can be produced than required for the fresh air cooling, the extra cold production
being, possibly, used to cover other types of cooling loads inside the building (through
envelope, from occupants, from lighting, etc.);

- The seasonal solar fraction without storage varies between 29.5 % in Paris up to 62.0 % in
Phoenix;

- The total amount of electrical energy required without storage is situated in the range of
382.3 kW (Monaco) up to 4192.3 kW (Phoenix);

- The seasonal energy efficiency ratio (SEER) represents the ratio between the seasonal
provided cold and the total required seasonal electrical energy. Two types of SEER were
defined: a) the electrical seasonal energy efficiency ratio (SEERel) calculated considering
only the electrical provided cold; b) the global seasonal energy efficiency ratio (SEERg])
considering the whole amount of provided cold (solar + electric). SEERel was determined
between 3.5 in Monaco and 6.0 in Cairo. SEERg!l was determined between 5.5 in Paris or
Monaco and 14.1 in Cairo.
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5. Conclusions

The study presents a new perspective to a SFACS serving an office building considered placed
in different climatic conditions, carried out by simulation. The complete analytical mathematical
model of the SFACS thermal behavior was presented in detail. The presented results refer to both
operating conditions and parameters of performance.

The standard thermal regime of the chilled water circuit in the absorption chiller is considered
to be (7-12) °C, similar with the one of classical electric chillers. If the operating conditions of the
absorption chiller became incompatible with this thermal regime, an alternative chilled water
thermal regime of (12-17) °C was proposed. In Berlin, Paris and Cairo the operating conditions
always allow the chilled water to operate at the thermal regime of (7-12) °C. In Las Vegas the chilled
water thermal regime of (12-17) °C is needed for only 4 hours, while the other considered locations
require this thermal regime for 25 hours in Rome, 32 hours in Seville, 121 hours in Monaco and 157
hours in Phoenix.

New correlations between the solar hot water temperature and the cooling water temperature
were proposed for two thermal regimes of the chilled water, in order to avoid both crystallization
and the reduction of the degassing zone below 6%.

New correlations between the COP variation of the LiBr-H20 absorption chiller and the cooling
water temperature were proposed for two thermal regimes of the chilled water. These variations
also embed the solar hot water temperature variation as a function of the same cooling water
temperature.

Based on the SFACS mathematical model, its thermal behavior was simulated considering the
system located in different locations with different climatic conditions.

It was highlighted that the local climatic particularities determine very different characteristics
of the SFACS:

The maximum cooling load varies between 33.04 kW in Monaco to 69.09 kW in Phoenix;

The number of ETSC varies from 12 in Paris to 44 in Phoenix;

The maximum values of the LiBr-H20 absorption chiller COP, varies from 76.5 % for Monaco

and 79.3 % for Rome to 82.4 % for the rest of considered locations.

It was found that using a cold storage tank affects many characteristics of the SFACS:

The seasonal electrical energy consumption for fresh air cooling can be reduced up to 0 kWh;

The need of using a peek load electrical chiller can be eliminated, and the solar fraction of the

fresh air cooling load, can be increased from (29.5-62.0) % without cold storage (depending on

the location) to more than 100 % and the exceeding cold can be used to partially cover other
types of cooling loads of the building: through the envelope, from the lighting system, from
occupants, etc.

Future work can be focused on the limits and performances of air cooled SFACS, on the
dimensioning of the storage tank and on the SFACS optimization depending on the storage tank
volume.
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