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Performance of an unglazed transpire collector in the facade of a building for heating and
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Abstract

Refurbishment of energy inefficient buildings is an effective way of reducing energy
consumption in urban areas. This can be done by taking advantage of the renewable
energy sources available, mainly, solar energy. Desiccant evaporative cooling combined
with unglazed transpired collectors, UTC's, allows covering the heating demand in the
cold season and cooling demand in the hot season. UTC's can be installed on the facades
of buildings, meeting a double goal: refurbishing the building exterior and providing
heating and cooling to indoor spaces. In this paper, a model of this system was
implemented using TRNSYS and the energy savings obtained were evaluated in different
climatic conditions, different facade orientations and different building shapes. The
objective was to find the best conditions to install this system and estimating the energy
savings that can be reached, and its costs. The results showed that the reduction of
heating demand was possible in all climatic conditions, weakly depending on the shape
and orientation of the UTC facade installed. Cooling was also possible, but it depended
more on the shape of the building. The higher energy savings were found for the linear
shape buildings. Therefore, refurbishment using a UTC facade could be an interesting
alternative for energy saving throughout the year in these cases.

Keywords: Desiccant evaporative cooling, unglazed solar collector, ventilated facade, building
energy saving, solar facade.

Nomenclature

Accollector area (m?)

Ca cost of the UTC facade per unit area (€ m™)

Ce initial cost of the UTC installation apart from cost per unit area (€)
C: fuel cost (€ kWh')

cp specific heat (J kg K?)

Eqel heating or cooling energy delivered (kWh)

Eclec electrical energy used (kWh)

F fraction of heating of cooling load covered by solar energy

Feg collector to ground view factor
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Fes collector to sky view factor

| total solar insolation incident on the collector (W m™?)

L heating of cooling load in a year (kWh)

LCS Life Cycle Savings (€)

P1 ratio of life cycle fuel savings to first-year fuel savings

P, ratio of life cycle capital expenditures to intial investment

Qconv collector convective heat loss (W)
Qraq collector radiant heat loss (W)

Tamb ambient temperature (°C)
Teoncollector temperature (K)

Tgnd ground temperature (K)

Tout collector output temperature (°C)
Tpiprocess inlet temperature (°C)

Tpo process output temperature (°C)

T regeneration inlet temperature (°C)
Tsy Sky temperature (K)

U..free stream velocity (m s)

W Collector width (m)

o, collector absorptance

€c absorber surface emissivity

vosuction velocity (m s?)

v velocity normal to the wall (m s)

p density (kg m3)

o Stefan-Boltzmann constant (W m= K*)
wpi process inlet humidity ratio (g kg™)
Wpo process output humidity ratio (g kg™)
wriregeneration inlet humidity ratio (g kg?)

Q flow rate (m® h?)
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Introduction

Building energy consumption reaches approximately 40 % of the total energy used in a
country [1]. Air conditioning and heating systems account for most of this energy. Many
old buildings have a poor thermal performance, either in the cold and the hot season.
There exist entire neighbourhoods with this thermal ineffcient buildings and bad
conditioned spaces in most big towns and cities. Therefore, decreasing energy
inefficiency and increasing the quality of life in these neighbourhoods not only reduces
the energy consumption but benefits communities.

Trying to improve conditioned spaces without increasing the energy demand could
require the use of all the renewable energy sources available. In the case of buildings,
the major renewable energy source is solar energy, as they have large surface areas
exposed to solar radiation. Solar collectors can take advantage of this in many ways:
photovoltaic panels, thermal glazed collectors and special types of facades [2,3].
Refurbishment of deteriorated buildings with facades that could improve its energy
performance could be a possible solution to the building energy inefficiency problem.

There are many types of collectors that absorb solar radiation to be used in heating or
cooling systems [4]. Thermal solar collectors are usually installed to get domestic hot
water, although there are also absorption cycle systems that use solar energy totally or
partially for cooling [5]. The most efficient collectors are glazed solar collectors [6], and
they are usually installed on the roof of buildings [7]. A typical arrangement for a glazed
solar collector can be seen in figure 1. However, installing this kind of collectors on
facades presents some problems as its weight, maintenance and space occupied.
Another cooling system that uses heating as primary energy source is desiccant
evaporative cooling (DEC). The conventional cycle of this system can be seen in figure 2.
This system can use the heat absorbed, for instance by thermal solar collectors, to
regenerate a desiccant device, usually a desiccant wheel, although a liquid desiccant can
also be used [8].
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Figure 1. Typical glazed solar air heater [9].
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Conditioned
space

Figure 2. Schematic of a conventional desiccant cooling system [10], where HS is a heater system, DEC’s are direct

evaporative coolers, DW is a desiccant wheel and RHEX is a rotary heat exchanger.

Ventilated facades have been studied in the last few years as an alternative for installing
solar collectors on building facades [11]. Ventilated facades take ambient air from the
outside and heat it before introducing it into the building. Ventilated facades are divided
into two categories: glazed and opaque. Double glazed facades absorb solar radiation
with a shading layer which is situated between two glazed layers, see figure 3, whereas
opaque facades absorb energy through its outer layer, which is opaque, and transfer it
to the air circulating through the adjacent air gap, as it can be seen in figure 4. The hot
air is then introduced into the space to be conditioned in the cold season or exhausted
to the outside to prevent overheating in the hot season. The most efficient opaque solar
collectors are the unglazed transpire collectors, UTC [12]. UTC’s can be easily installed
on facade and are inexpensive, making it a good alternative as a solar fagade [13, 14,
15]. In figure 5 an example of refurbishment with UTC is shown. There are also many
examples of UTC facade buildings in the industry [16].



120
121

122

123
124

125

126
127
128
129
130
131
132
133
134
135
136
137
138

73 | 5§ | { exhaust fan
0.37
518
inner glazing
shading device . 1.96
outer glazing N :
NN
ex ool . in
B}
Vs | ifs
0.30 5§
t 0.37
is.‘ Ja| inlet grids

construction detail

Figure 3. Schematic of a typical double glazed fagade [17].
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Figure 4. Schematic of a typical opaque ventilated fagade [18].

Solar collectors can be used to regenerate a desiccant wheel [19]. The hot air from an
UTC can be also used in the hot season combined with a DEC system, figure 6. Other
authors have studied the potential of using an UTC as a heat source for DEC. In [6], the
thermal performance of this combination was studied. It was concluded that using a
UTC regeneration for a DEC system is an attractive alternative to glazed collectors,
mainly due to its lower cost. However, it also reached the conclusions that, firstly, the
effectiveness obtained is lower than that of a glazed collector, as the inlet air cannot be
preheated in a UTC, and secondly, the area needed for the same performance is greater
for an unglazed collector. However, the cooling demand coverage of a building was not
studied in this piece of work, and there is no information about the climates in which
UTC’s have a better performance. In another study, [20] showed that desiccant wheel
can work satisfactorily with low regeneration air temperature. Regarding heating with



139 UTC’s, many authors have studied its potential for building heating and industry drying
140 processes [21].
141

142
143 7 Flgure 5. Bu:l@g facade renovated with UTC panels [14] .
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144
145 Figure 6. Example of a real desiccant evaporative cooling system [22]: (a) solar collector; (b) thermal storage and
146 auxiliary heater; (c) desiccant cooling; (d) controlled chambers.
147
148 The objective of this piece of work was to show that heating and cooling can be achieved
149 by building refurbishment installing UTC based facades, and to estimate the percentage
150 of heating and cooling demand coverage that can be obtained with this system. In this
151 paper a DEC system with desiccant wheel and UTC modules installed on the fagade of a
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building was studied through numerical simulations for the cooling and the heating
season. In the hot season, cooling was achieved with the DEC system, whereas hot air
was supplied directly from the UTC’s outlet air in the cold season. The advantages and
disadvantages in both seasons were studied in four locations around a typical
meteorological year from the economic and energetic points of view. This system was
proposed as a refurbishment measure to renew degraded buildings.

2. Methodology

In this section the numerical models for the different components of the desiccant evaporative
cooling system are presented. These models where implemented in the transient building
simulation software TRNSYS, and a series of simulations was run to evaluate the energy savings
in different building shapes under several climatic conditions. The cost analysis methodology is
also explained.

2.1 The evaporative desiccant system

The arrangement showed in figure 7 was used for this study. It was based on the Pennington
Cycle [23]. This configuration has also been used with other heat sources [24]. In this case, it
consisted of a UTC facade as regeneration air heat source, a desiccant wheel (DW), a rotary heat
exchanger (RHE), and two direct evaporative coolers (EC). The process air, state 1, is firstly
introduced in the desiccant wheel to remove most of its moisture content, state 2. Then, the
adsorption heat generated in this process is partly transferred to the exhaust air in an rotary
heat exchanger, state 3. Finally, the air is cooled and humidified in the EC before entering the
room, state 4. The building exhaust air, state 5, is cooled with another EC and then, state 6,
introduced in the RHE to remove cool from the process air, state 7. The ambient air, state 1,
passed through the holes of the UTC where it is heated, state 8, and then is introduced in the
DW regeneration section, and, after this, is exhausted. In figure 8, the air states of the process
and regeneration air streams are shown in a psychrometric chart. It can be seen that the
dehumidification process carried out by the DW, process 1-2, allows the process air to be cooled
by the EC below the incoming air dew temperature. The advantage of this system is that the
evaporative cooling process is enhanced, since the incoming air is drier. The psychrometric chart
also shows that the heating due to the adsorption process is almost as much as the cooling in
the evaporative coolers, see process 3-4.

The set temperatures for the indoor spaces were 21 °C in the heating season and 25 °C in the
cooling season. Relative humidity was set to 50% in both seasons.
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Figure 8. Process and regeneration air states in the DEC system for a typical summer day in Vienna. States 1 — 7 are
the states corresponding to process air flow and regeneration air flow in figure 7.

2.2 The UTC facade

The UTC was made up of a perforated metal absortion layer, a plenum, an insulation
layer and a set of ducts to distribute the heated air directly to the building or to the DEC.
The UTC’s absorber layer consists of a 1 mm thick galvanized steel layer highly
perforated, so it can be assimilated to a porous layer. A schematic of the basic UTC
module can be seen in figure 9. Equations 1 to 3 were used to model the UTC, they were
extracted from [12].

pCpVOAc(Tout — Tamp) = 1A — Qraa — Qconv (1)

Qraa = ECO-AC(T(;}OU - chTs%cy - chT;nd) (2)

UsoV
v§

Qconv = 0-82( )W[pCpVO(Tcoll - Tamb)] (3)

To HVAC svstem

— b
>

Ambient air >

Plenum

Galvanized steel
perforated flat plate

Insulation layer

Figure 9. Schematic of a UTC module

The advantage of the porous system is its ability to absorb the thermal boundary layer so the
convection losses are minimized provided that the approaching velocity is adequate. In this
study the air flow rate through the UTC modules was considered constant during the working
time, with a value of 2300 m3/h, according to regulations [25]. The facade was partitioned
according to storeys, each of which had its own set of fans.



227  The efficiency of the UTC facade can be evaluated using equation (4) [12]:
228
229 _ pCPVO(TcIoll_Tamb) (4)
c
230 2.3 Desiccant Wheel
231  The empirical model of a desiccant wheel that was developed and validated in [26] was used in
232 this study. This model was based on the design of experiment methodology and it was focused
233 in the perfomance of a silica gel DW activated using low temperature regeneration air. The
234  authors adjusted a set of polynomials of the form shown in equation 5 to the empirical results
235 of a series of experimental tests carried out in a set of process air and regeneration air
236  conditions. The list of parameters obtained empirically from these experiments can be seen in
237  table 1. These parameter allow to evaluate the process air output temperature and humidity
238 using the process and regeneration temperature and humidity input values.
239
k k k=1 k
i=1 i=1 i=1 (=2
j=t
241
242
243 Table 1. Estimated parameters for equation 5, obtained from experimental results in [26] using the design of
244 experiment methodology.
Estimated 4 T pox10? W’ pox10? Estimated ' T’ pox10? w pox10?
parameters ' [eC] lg kgl parameters ' [eC] [g kgl
bo - -6736.67 -15366.80 b1 wpi? -17.23 16.76
b1 Toi 72.10 1277.57 b1, WpiTri -1.49 -2.23
b, Wi 772.28 -785.18 bis Wpir Wri 5.65 16.84
b3 Tri 410.38 1310.33 bia Wpir Qpi 20.50 -6.79
b4 Wri 224.17 -916.88 bis T2 -5.09 -11.90
bs Qpi 357.36 -94.71 bis Tri*Wri 7.31 -10.40
bs Tpi2 16.58 -28.38 b1z Tri*Qpi 6.71 -3.50
b7 Toi-Wpi -14.35 29.84 bis wri? -9.72 24.41
bs ToirTri 7.35 -10.61 b1y WriQpi -5.49 11.88
bo ToirWri -12.93 6.35 b2o Qpi -12.17 -9.44
b1o Tpi*Qpi -8.71 5.89 - - - -
245
246 2.4 Evaporative coolers and rotary heat exchanger
247  The RHE and the EC’s were modeled using the standard TRNSYS types 760 and 506 [27]. The RHE
248 was set with a sensible effectiveness of 0.93 [28], and the evaporative coolers with a saturation
249 efficienty of 0.95 [29].
250
251 2.5 Building model
252 A set of building models were created using TRNBUILD to simulate the performance of the UTC
253  facade system as heating system in the winter [30] and together with the DEC in the summer.
254  The set of simulations was created with a unique indoor thermal node [31], considering the
255 influence of the volume to surface ratio by studying different building shapes. Three shapes were
256  selected: compact, linear and tower. The volume was 1300 m? for all cases. These shapes and
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their dimensions can be seen in figure 10. The area of the fagade surfaces and the percentage

covered with UTC are shown in table 2.

The original fagade layers were those of a traditional facade. The materials and geometry can
be seen in table 3. The four building facades had a 25% of window surface [32]. The window’s
panel had an U-value of 3.21 W/m2K and a g-value of 0.772 [27]. Although in this model a unique
thermal zone was considered, a number of inner walls were modeled to account for their
thermal capacity. Two models were tested for comparison: the original building, and a
refurbished building covering a 75% of the facade with UTC’s. North, south, east and west UTC
facade orientations were tested in order to evaluate the accomodation of solar energy

availability to occupation schedule.

Compact
10x10x13m

Tower
6.3X6.3x32.5m

<

Linear
20x10x6.5m

Figure 10. Building shapes.

Table 2. Surface areas of the buildings.

Shape Facade area Area covered with | Window area
(m?) UTC (m?) (m?)
Linear 130 97.5 325
Compact 130 97.5 32.5
Tower 204.8 153.6 51.2
Table 3. Layers and properties of the previous fagade.
. Thickness Conductivity Hea'F Density
Layer Material (m) (W/m K) capacity (ke/m?)
(ki/kg K)
1 (inside) Plaster 0.01 0.300 1.00 900
2 Brick 0.14 0.760 1.00 1600
3 Insulation 0.05 0.034 1.45 25
4 Air gap 0.18 0.090(resistance m? K/W) - -
5(outside) | Hollow brick 0.05 0.810 0.92 1700

11
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An office schedule was selected, from 9:00 a.m. to 6:00 p.m. with an occupation of 44 people,
seated and writing according to ISO 7730. Lights were on at working time with a total heat gain
of 10 W/m?and also 30 computers with a power of 230 W each. The building was not occupied
on weekends.

2.6 Climates

The simulations were carried out under four different climates according to [33], that
correspond to dry and mild, wet and hot, dry and hot, and wet and mild summer climate
conditions. The locations selected were Vienna, Cairo, Athens and Honolulu, see table 4. Typical
meteorological data from Meteonorm [34] database were used.

Table 4. Locations selected and their climatic conditions.

Location Climate Summer Summer Humidity
Temperatures
Vienna Moderate Mild Dry
Cairo Hot continental Hot Dry
Athens Mediterranean Hot Wet
Honolulu Subtropical Mild Wet

2.7 Simulation case studies

The transient building simulation software TRNSYS [27] was used for the simulations. A timestep
of 1 hour was set, and simulations were run for a typical meteorological year in each climate. A
total of 48 simulations were carried out, combining the building shape, the location and the
orientation of the UTC facade. Table 5 shows the list of cases simulated.

Table 5. Simulation cases depending on city, shape of the building and orientation of the UTC fagade.

Num. | Location | Shape | Or. || Num. | Location | Shape | Or. || Num. | Location | Shape | Or. || Num. | Location | Shape | Or.
1 Vienna Linear N 13 Cairo Linear N 25 Athens Linear N 37 | Honolulu | Linear N
2 Vienna Linear S 14 Cairo Linear S 26 Athens Linear S 38 | Honolulu | Linear S
3 Vienna Linear E 15 Cairo Linear E 27 Athens Linear E 39 | Honolulu | Linear E
4 Vienna Linear | W 16 Cairo Linear | W 28 Athens Linear | W || 40 | Honolulu | Linear | W
5 Vienna | Compact| N 17 Cairo | Compact | N 29 Athens | Compact | N 41 Honolulu | Compact | N
6 Vienna | Compact| S 18 Cairo | Compact | S 30 Athens | Compact | S 42 Honolulu | Compact | S
7 Vienna | Compact | E 19 Cairo | Compact | E 31 Athens | Compact | E 43 Honolulu | Compact | E
8 Vienna | Compact | W 20 Cairo | Compact | W 32 Athens | Compact | W || 44 | Honolulu | Compact | W
9 Vienna Tower N 21 Cairo Tower N 33 Athens Tower N 45 Honolulu | Tower N
10 Vienna Tower S 22 Cairo Tower S 34 Athens Tower S 46 | Honolulu | Tower S
11 Vienna Tower E 23 Cairo Tower E 35 Athens Tower E 47 | Honolulu | Tower E
12 Vienna Tower | W 24 Cairo Tower | W 36 Athens Tower | W || 48 | Honolulu | Tower | W

12
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The seasonal performance factor, SPF, was evaluated for the heating and cooling seasonin order
to compare the performance in the different cases. Its expression is shown in equation 6.

SPF = ZdeL  (g)

Eelec

Where Egeris the heating or cooling energy delivered and E.k. is the electrical energy used.
2.8 Cost analysis

The life cycle savings will be evaluated for all cases in order to obtain the most adequate
combination of location, building shape and UTC fagade orientation, to minimize the payback
period. The life cycle saving is evaluated using equation 7.

Where LCS is the life cycle savings, Cg is the unit cost of delivered conventional energy for the
first year of analysis, L is the averaged cooling or heating load, F is the fraction of thermal load
covered through solar energy, Cais the cost of UTC facade per unit area, A is the area of the UTC
facade, Ceis the fixed cost of the rest of the UTC installation, and P;and P, are factors that
represent the actualization of the cost of energy and the investment to the present time.

If the LCS value is positive, then the investment is recovered, being the payback period in years
equal to the P;/P, ratio, see equation 8 [37]. The greater the P:/P, ratio, the worse the
investment in an UTC solar facade.

P/P, = (C4A + Cg)/ CeLF  (8)

The price of primary energy was estimated 0.10 €/kWh and a natural gas furnace efficiency of
90 % was selected for the study [37].

3 Results
3.1 UTC Efficiency

The annual average efficiency of the UTC facade is shown in figure 11 for all 48 cases.
The highest values were found in cases 27 and 32, corresponding to Athens, in linear
west orientation and compact east orientation, respectively. On the other hand, the
lowest values were found in cases 9, 21 and 33, corresponding to Vienna, Cairo and
Athens north orientation.

North orientation presented the lower values for all the locations; for this orientation
the lowest values were found for the tower case in every location. South orientation
showed similar values, around 45%, for linear and compact shapes in all locations,
whereas in tower shape the efficiency was around 29% for all locations. The value for
east orientation was the highest for Vienna, Athens and Honolulu, linear shape. For west
orientation the highest efficiency values were found in Cairo, linear shape, Athens and
Honolulu, compact shape.

Similar values were found in [6], where a single unglazed solar collector was studied.
Although these values were lower than that for glazed collector, the advantages

13
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aforementioned and the possibility of installing them as part of the fagade of a building
make UTC fagade a viable method of solar radiation absoprtion for its use in thermal
systems.

UTC efficiency N (%)
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Figure 11. UTC efficiency mean values in cases shown in table 5.

3.2 Details of the system performace

Figure 12 shows the total heat transfer breakdown for desiccant evaporative cooling
in Honolulu for the working days in a year. The building in this location needed
cooling throughout the year. It can be noticed that the adsorption heating suffered
little variations, and that its value is very similar to the DEC cooling one. This allowed
the EC to cool the process air, see figure 3. It can also be seen that when the
adsorption heat decreased, due to the lack of solar radiation, the net cooling energy
also decreased. Thus, the desiccant evaporative system needed the regeneration
energy over a certain value in order to work properly. In [26] it is stated that below
60 °C regeneration temperatures are considered low, although the DW studied
could work with regeneration temperatures around 40 °C.

14
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360
361 3.3 Annual reference heating and cooling loads
362 Before presenting the results of the ratio of energy demand covered using UTC's, it
363 is convenient to examine the annual heating and cooling demand in each climate
364 and for each building shape without using UTC-DEC system, figures 13 and 14.
365 Vienna presented the highest heating demanding climate, whereas Honolulu did not
366 show any heating demand at all. Athens presented a higher heating demand than
367 Cairo. Regarding cooling demand, the greater values were found in Honolulu, Cairo
368 and Athens, and the less demanding location was Vienna. In all climates, the
369 compact shape showed the lowest heating and cooling energy demand, as this
370 shape has the lowest area to volume ratio.
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372 Figure 13. Heating demand without UTC fagade. Climates: (A) Vienna, (B) Cairo, (C) Athens, (D) Honolulu.
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375 Figure 14. Cooling demand without UTC fagade. Climates: (A) Vienna, (B) Cairo, (C) Athens, (D) Honolulu.
376
377 3.4 Weekly typical heating and cooling demand coverage
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Figures 15 and 16 show the performance of the UTC system in the heating season for a typical
winter week in the most and least heating demanding locations, Vienna and Cairo, respectively.
The figures also show the incident solar radiation on the UTC facade. It can be seen that in
Vienna the demand coverage during the day is lower in the morning and in the afternoon, when
the sunis low in the sky and the incident angle on the south facade is small. In the case of Cairo,
heating demand coverage was lower in the first hours in the morning but reach 100% at noon.
However, the heating demand in Cairo was low, see figure 13, so heating demand coverage was
not as critical as in Vienna. In some cases, usually first time in the morning and in the late
afternoon, negative values were found, as the sun was low in the sky and its incident angle was
insufficient to heat up the ventilation air. In these cases cold air was introduced into the building,
thus increasing the heating demand.

Figure 16 shows that the heating demand coverage in Cairo only applies to the morning hours,
since the heating demand was low in this climate, figure 13. In the afternoon, the heating
demand dissapears for this climate, so introducing heat air led to overheating. In the heating
case, the UTC performance is like any other kind of solar collector, but it's more sensitive to
wind, as convective losses to the outside depend on the wind velocity, equation 3. In order to
prevent the thermal losses from increase, an adequate value of the air flow rate through the
facade should be set [6].

Figures 17 and 18 show the cooling demand coverage in the most and least favourable locations
for a typical summer week, Vienna and Athens. In the case of Vienna, there was a high
percentage of coverage, due mainly to its low cooling demand without UTC. Athens had lower
cooling demand coverage, due to its high humidity in the summer. In this case an evaporative
cooling system is not as effective as in a dry climate.
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Figure 15. Heating coverage for Vienna in a typical week. South UTC facade orientation.
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416 Figure 18. Cooling coverage for Athens in a typical week. South UTC orientation.
417
418 3.5 Effect of the UTC facade orientations and the building shape

419  The effect of UTC fagade orientation on the heating and cooling demand was studied for the
420  example of the linear building shape. The trends were found similar for the rest of shapes. Figure
421 19 shows the heating demand coverage and the total solar radiation in a typical winter week in
422  Vienna. When the UTC fagade was facing north the lowest heating demand coverage was
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obtained, see figure 19A. The highest demand was found in the south orientation. The east and
west orientation presented greater coverage during the morning and afternoon hours
respectively. In all cases the heating demand coverage increased when the incident solar
radiation on the facade increased, days 1 to 2, and decreased when it was decreased, days 3, 4
and 5.

Figure 20 shows the coverage of cooling demand in a typical summer week in Athens. In the
north and south orientations, figure 20 A and B, an approximately 60 % of the demand was met
by the DEC system at midday hours. In the east and west orientations, figure 20 C and D, the
values were similar, but the peak values were displaced to the morning hours for east UTC and
to the afternoon for west UTC.

These results show that the solar radiation peak values on the UTC fagade and peak values of
cooling demand not always coincide in time. Thus, the orientation of the facade equipped with
UTC’s should be carefully selected to match the energy demand. If maximum cooling energy is
needed, it could be advisable to install UTC’s in several orientations, achieving in this way a
flatter profile. Regarding the effect of the building shape, figures 21 and 22 presents the heating
demand coverage in Vienna and the cooling coverage in Athens, respectively, for the UTC south
orientation.

The heating demand coverage followed the same trend as the solar radiation in all cases. The
highest coverage values were found for the compact shape and the lowest values for the linear
shape, see figure 21 A. In this case, a higher facade area resulted in greater heat losses, so the
high surface to volume ratio shapes were penalised.

Besides, high rise buildings are more probably exposed to solar radiation than lower ones. Low
rise buildings are not usually in a standalone configuration in cities, and they have more
possibilities of being shaded by surrounding buildings, trees or other obstacles.

In figure 22, the case of linear shape presented a higher cooling demand coverage values than
the compact and tower ones. In the compact case the reduced fagade area is insufficient for
activate thermally the desiccant wheel. In tower shape heating loads were higher due to larger
standard facades to the east and west. Additionally, this is an example in a humid climate, so
dehumidification is critical to achieve evaporative cooling. Thus, a high regeneration
temperature is needed for the system to work well.
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3.6 Annual heating and cooling demand coverage
3.6.1 Heating

The annual heating demand coverage values are shown in figure 23. Regarding UTC orientation,
the greatest values were found for south, east and west orientation. Athens presented a
maximum of 99.7 % coverage for south orientation, for compact and tower shapes. Regarding
the shape, the tower cases were found to have the greater annual heating demand coverage for
south orientation, whereas the linear shape presented higher values for the east and west
orientations. In Cairo, positive, i.e. heating energy saving, values were found mainly for the south
orientation, although the maximum value was found for west orientation, 42.0 %. The negative
values, i.e. an increase in energy demand, in this case were not significative, as the heating
demand for this location was very low, so any cold air introduced through the UTC caused the
heating demand to increase. The highest heating coverage values were found in Athens, where,
even for north orientation, covering values reached almost 100 % of the heating demand.

Figure 24 shows the SPF for the cooling season for all locations and building shapes. The highest
values were found in Athens, whereas the lowest values were found in Vienna. Honolulu did not
present any heating demand at all, so its SPF value is zero. Regarding the shape, the highest
values corresponded to the linear building, and the best UTC orientation was found to be south,
where solar radiation is higher.
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3.6.2

Cooling season
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Figure 25 shows that the highest annual coverage demand was found in all locations for the
linear building shape. The highest value, 77.1 % was found for the linear building in Vienna.
Honolulu and Athens showed similar coverage values with a maximum of 59.3 % and 50.2 %
respectively. The reason is that both had very humid climate. Furthermore, Honolulu is a tropical
climate and needs cooling throughout the year. Only Cairo and Honolulu had positive cooling
demand coverage values for the compact and tower shapes. In the former case because of its
dry climate, that is convenient for evaporative cooling, and in the latter for its milder
temperatures.

All the locations presented a positive SPF value, as figure 26 shows. The lowest value was for the
north orientation. The south orientation had the highest values in general, but similar values
were obtained in the east and west orientations. This result showed that installing a DEC system
could be an effective method for reducing cooling energy demand. Similar values were found in
[35]. Higher values could have been obtained if the UTC inlet air could be connected to the
outlet air stream from the RHE, but due to the structure of the UTC, it can only work with
ambient air, leading to lower SPF values [6].
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525 3.7 Cost analysis

526  Tables 6 and 7 show the simple payback period for the UTC facade in the heating and cooling
527  system for all shapes and orientations studied. Positive values of the P;/P,factor mean that the
528  energy savings are enough to compensate for the initial investment, whereas negative values
529 mean the expenses are greater using the UTC facade.
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531 Figure 27. P1/P; factor or simple payback period in years for using the UTC facade in the heating system.
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Figure 28. P1/P; factor or simple payback period in years for using the UTC facade in the cooling system.

In the case of heating, Figure 27, Vienna presented the lowest payback periods for the linear
shape, orientations south, east and west, and tower shape south orientation. In the case of
Cairo, heating with an UTC facade is not a good investment, as their payback periods are either
negative or very high. Athens can be considered a good location for installing UTC facades as the
payback periods were positive in all cases with values between 6.5 and 10.1 years. In Honolulu
climate there is no need for a heating system, so no payback period calculations were done.

Figure 28 shows the payback periods in the case of the cooling system. Vienna presented
positive values only in the linear shape, for north, south and east orientations. In contrast, Cairo
presented positive values in all cases, with payback periods around 3.5 years for the linear shape
and all orientations, and relatively low values in the rest of the cases. Athens presented positive
values only for the linear shape, with payback periods from 7.6 to 9.3 years. Honolulu presented
positive values in all cases, except for compact shape, north orientations. However, only low
values were found for the linear shape. For the rest of cases, the payback periods were higher
than 19.7 years.

According to this data, Vienna and Athens climates have a high potential for energy saving using
a UTC fagade both with the heating and cooling system, and the linear building shape is the most
adequate. On the other hand, Cairo and Honolulu’s potential is only high for the cooling season,
also with the linear building shape.

Summarizing, the Mediterranean climate is most appropriate to obtain heating energy savings,
above 90%, using a UTC-DEC system, with compact and tower shapes having the maximum
heating demand coverage values, and being south the best orientation to install the UTC facade.
As for cooling, the greatest energy saving, 77.1%, was obtained in moderate climate, linear
shape and south orientation, figure 25 (A).

4 Conclusions
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Refurbishment of facades using unglazed solar collectors was evaluated in this paper. Heating
was achieved by introducing the air directly from the UTC’s modules. For cooling, a desiccant
evaporative cooling system was implemented. A series of simulations were carried out under
four different climate conditions, installing the UTC on the four orientations and testing it for
three different building shapes.

The results showed that heating was possible in all the climates and building shapes studied,
with moderate and mediterranean climates presenting a higher potential in the cost analysis.
Cooling was achievable with maximum energy savings in the cases where the UTC facade was
installed in the south and west orientation. The most favourable conditions were the linear
building shape with the south orientation and a hot continental climate. The cost analysis results
showed that installing the UTC-DEC system for cooling using the linear building shape was
beneficial in all climates and orientations.

As a solution for the less favourable cases, an additional heating system could be used to supply

the extra heat for the desiccant system to work properly. Using a combined UTC and DEC system
reduce energy consumption both in the heating and the cooling season, but the shape of the
building, the orientation of the fagade refurbished, and the local climatic conditions should be
carefully studied before deciding to install this system.

From the results obtained in this paper it can also be concluded that in some circumstances it
could be more beneficial to install a UTC-DEC system using the maximum fagade area possible
regardless its orientation. An adequate control system could distribute conveniently the
airstreams to obtain the maximum energy saving possible depending on the internal thermal
load time distribution.
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