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Abstract 9 

Refurbishment of energy inefficient buildings is an effective way of reducing energy 10 

consumption in urban areas. This can be done by taking advantage of the renewable 11 

energy sources available, mainly, solar energy. Desiccant evaporative cooling combined 12 

with unglazed transpired collectors, UTC’s, allows covering the heating demand in the 13 

cold season and cooling demand in the hot season. UTC’s can be installed on the facades 14 

of buildings, meeting a double goal: refurbishing the building exterior and providing 15 

heating and cooling to indoor spaces. In this paper, a model of this system was 16 

implemented using TRNSYS and the energy savings obtained were evaluated in different 17 

climatic conditions, different façade orientations and different building shapes. The 18 

objective was to find the best conditions to install this system and estimating the energy 19 

savings that can be reached, and its costs. The results showed that the reduction of 20 

heating demand was possible in all climatic conditions, weakly depending on the shape 21 

and orientation of the UTC façade installed. Cooling was also possible, but it depended 22 

more on the shape of the building. The higher energy savings were found for the linear 23 

shape buildings. Therefore, refurbishment using a UTC façade could be an interesting 24 

alternative for energy saving throughout the year in these cases. 25 

Keywords: Desiccant evaporative cooling, unglazed solar collector, ventilated façade, building 26 

energy saving, solar façade. 27 

 28 

Nomenclature 29 

Ac collector area (m2) 30 

CA cost of the UTC façade per unit area (€ m-2) 31 

CE initial cost of the UTC installation apart from cost per unit area (€) 32 

CF fuel cost (€ kWh-1) 33 

cp specific heat (J kg-1 K-1) 34 

Edel heating or cooling energy delivered (kWh) 35 

Eelec electrical energy used (kWh) 36 

F fraction of heating of cooling load covered by solar energy 37 

Fcg collector to ground view factor 38 

mailto:fernando.peci@uco.es
mailto:francisco.comino@uco.es
mailto:manuel.ruiz@uco.es


2 
 

Fcs collector to sky view factor 39 

Ic  total solar insolation incident on the collector (W m-2) 40 

L heating of cooling load in a year (kWh) 41 

LCS Life Cycle Savings (€) 42 

P1 ratio of life cycle fuel savings to first-year fuel savings 43 

P2 ratio of life cycle capital expenditures to intial investment 44 

Qconv collector convective heat loss (W) 45 

Qrad collector radiant heat loss (W) 46 

Tamb ambient temperature (˚C) 47 

Tcoll collector temperature (K) 48 

Tgnd ground temperature (K) 49 

Tout collector output temperature (˚C) 50 

Tpi process inlet temperature (˚C) 51 

Tpo process output temperature (˚C) 52 

Tri regeneration inlet temperature (˚C) 53 

Tsky sky temperature (K) 54 

U∞ free stream velocity (m s-1) 55 

W Collector width (m) 56 

αc collector absorptance 57 

εc absorber surface emissivity 58 

ν0 suction velocity (m s-1) 59 

ν velocity normal to the wall (m s-1) 60 

ρ  density (kg m-3) 61 

σ Stefan-Boltzmann constant (W m-2 K-4) 62 

ωpi process inlet humidity ratio (g kg-1) 63 

ωpo process output humidity ratio (g kg-1) 64 

ωri regeneration inlet humidity ratio (g kg-1) 65 

Ω flow rate (m3 h-1) 66 

 67 

 68 

 69 
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 70 

1. Introduction 71 

Building energy consumption reaches approximately 40 % of the total energy used in a 72 

country [1]. Air conditioning and heating systems account for most of this energy. Many 73 

old buildings have a poor thermal performance, either in the cold and the hot season. 74 

There exist entire neighbourhoods with this thermal ineffcient buildings and bad 75 

conditioned spaces in most big towns and cities. Therefore, decreasing energy 76 

inefficiency and increasing the quality of life in these neighbourhoods not only reduces 77 

the energy consumption but benefits communities. 78 

Trying to improve conditioned spaces without increasing the energy demand could 79 

require the use of all the renewable energy sources available. In the case of buildings, 80 

the major renewable energy source is solar energy, as they have large surface areas 81 

exposed to solar radiation. Solar collectors can take advantage of this in many ways: 82 

photovoltaic panels, thermal glazed collectors and special types of facades [2,3]. 83 

Refurbishment of deteriorated buildings with facades that could improve its energy 84 

performance could be a possible solution to the building energy inefficiency problem. 85 

There are many types of collectors that absorb solar radiation to be used in heating or 86 

cooling systems [4]. Thermal solar collectors are usually installed to get domestic hot 87 

water, although there are also absorption cycle systems that use solar energy totally or 88 

partially for cooling [5]. The most efficient collectors are glazed solar collectors [6], and 89 

they are usually installed on the roof of buildings [7]. A typical arrangement for a glazed 90 

solar collector can be seen in figure 1. However, installing this kind of collectors on 91 

facades presents some problems as its weight, maintenance and space occupied. 92 

Another cooling system that uses heating as primary energy source is desiccant 93 

evaporative cooling (DEC). The conventional cycle of this system can be seen in figure 2. 94 

This system can use the heat absorbed, for instance by thermal solar collectors, to 95 

regenerate a desiccant device, usually a desiccant wheel, although a liquid desiccant can 96 

also be used [8]. 97 

 98 
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 99 

Figure 1. Typical glazed solar air heater [9]. 100 
 101 

 102 

Figure 2. Schematic of a conventional desiccant cooling system [10], where HS is a heater system, DEC’s are direct 103 
evaporative coolers, DW is a desiccant wheel and RHEX is a rotary heat exchanger. 104 

 105 

Ventilated facades have been studied in the last few years as an alternative for installing 106 

solar collectors on building facades [11]. Ventilated facades take ambient air from the 107 

outside and heat it before introducing it into the building. Ventilated facades are divided 108 

into two categories: glazed and opaque. Double glazed facades absorb solar radiation 109 

with a shading layer which is situated between two glazed layers, see figure 3, whereas 110 

opaque facades absorb energy through its outer layer, which is opaque, and transfer it 111 

to the air circulating through the adjacent air gap, as it can be seen in figure 4. The hot 112 

air is then introduced into the space to be conditioned in the cold season or exhausted 113 

to the outside to prevent overheating in the hot season. The most efficient opaque solar 114 

collectors are the unglazed transpire collectors, UTC [12]. UTC’s can be easily installed 115 

on façade and are inexpensive, making it a good alternative as a solar façade  [13, 14, 116 

15]. In figure 5 an example of refurbishment with UTC is shown. There are also many 117 

examples of UTC façade buildings in the industry [16]. 118 

 119 
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 120 

Figure 3. Schematic of a typical double glazed façade [17]. 121 

 122 

Figure 4. Schematic of a typical opaque ventilated façade [18]. 123 
 124 

 125 

 126 

Solar collectors can be used to regenerate a desiccant wheel [19]. The hot air from an 127 

UTC can be also used in the hot season combined with a DEC system, figure 6. Other 128 

authors have studied the potential of using an UTC as a heat source for DEC.  In [6], the 129 

thermal performance of this combination was studied. It was concluded that using a 130 

UTC regeneration for a DEC system is an attractive alternative to glazed collectors, 131 

mainly due to its lower cost. However, it also reached the conclusions that, firstly, the 132 

effectiveness obtained is lower than that of a glazed collector, as the inlet air cannot be 133 

preheated in a UTC, and secondly, the area needed for the same performance is greater 134 

for an unglazed collector. However, the cooling demand coverage of a building was not 135 

studied in this piece of work, and there is no information about the climates in which 136 

UTC’s have a better performance.  In another study, [20] showed that desiccant wheel 137 

can work satisfactorily with low regeneration air temperature. Regarding heating with 138 
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UTC’s, many authors have studied its potential for building heating and industry drying 139 

processes [21]. 140 

 141 

 142 

Figure 5. Building facade renovated with UTC panels [14] .143 

 144 
Figure 6. Example of a real desiccant evaporative cooling system [22]: (a) solar collector; (b) thermal storage and 145 

auxiliary heater; (c) desiccant cooling; (d) controlled chambers. 146 
 147 

The objective of this piece of work was to show that heating and cooling can be achieved 148 

by building refurbishment installing UTC based facades, and to estimate the percentage 149 

of heating and cooling demand coverage that can be obtained with this system. In this 150 

paper a DEC system with desiccant wheel and UTC modules installed on the façade of a 151 
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building was studied through numerical simulations for the cooling and the heating 152 

season. In the hot season, cooling was achieved with the DEC system, whereas hot air 153 

was supplied directly from the UTC’s outlet air in the cold season. The advantages and 154 

disadvantages in both seasons were  studied in four locations around a typical  155 

meteorological year from the economic and energetic points of view. This system was 156 

proposed as a refurbishment measure to renew degraded buildings. 157 

 158 

 159 

2. Methodology 160 

In this section the numerical models for the different components of the desiccant evaporative 161 

cooling system are presented. These models where implemented in the transient building 162 

simulation software TRNSYS, and a series of simulations was run to evaluate the energy savings 163 

in different building shapes under several climatic conditions. The cost analysis methodology is 164 

also explained. 165 

2.1 The evaporative desiccant system 166 

The arrangement showed in figure 7 was used for this study. It was based on the Pennington 167 

Cycle [23]. This configuration has also been used with other heat sources [24]. In this case, it 168 

consisted of a UTC façade as regeneration air heat source, a desiccant wheel (DW), a rotary heat 169 

exchanger (RHE), and two direct evaporative coolers (EC). The process air, state 1, is firstly 170 

introduced in the desiccant wheel to remove most of its moisture content, state 2. Then, the 171 

adsorption heat generated in this process is partly transferred to the exhaust air in an rotary 172 

heat exchanger, state 3. Finally, the air is cooled and humidified in the EC before entering the 173 

room, state 4. The building exhaust air, state 5, is cooled with another EC and then, state 6, 174 

introduced in the RHE to remove cool from the process air, state 7. The ambient air, state 1, 175 

passed through the holes of the UTC where it is heated, state 8, and then is introduced in the 176 

DW regeneration section, and, after this, is exhausted. In figure 8, the air states of the process 177 

and regeneration air streams are shown in a psychrometric chart. It can be seen that the 178 

dehumidification process carried out by the DW, process 1-2, allows the process air to be cooled 179 

by the EC below the incoming air dew temperature. The advantage of this system is that the 180 

evaporative cooling process is enhanced, since the incoming air is drier. The psychrometric chart 181 

also shows that the heating due to the adsorption process is almost as much as the cooling in 182 

the evaporative coolers, see process 3-4. 183 

 184 

The set temperatures for the indoor spaces were 21 ˚C in the heating season and 25 ˚C in the 185 

cooling season. Relative humidity was set to 50% in both seasons. 186 

 187 
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 188 

 189 

Figure 7. DEC-UTC System layout. 190 
 191 

 192 

 193 

 194 

 195 
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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 197 
the states corresponding to process air flow and regeneration air flow in figure 7. 198 

 199 

2.2 The UTC facade 200 

The UTC was made up of a perforated metal absortion layer, a plenum, an insulation 201 

layer and a set of ducts to distribute the heated air directly to the building or to the DEC. 202 

The UTC’s absorber layer consists of a 1 mm thick galvanized steel layer highly 203 

perforated, so it can be assimilated to a porous layer. A schematic of the basic UTC 204 

module can be seen in figure 9. Equations 1 to 3 were used to model the UTC, they were 205 

extracted from [12]. 206 

 207 

  𝜌𝑐𝑝𝜈0𝐴𝑐(𝑇𝑜𝑢𝑡 − 𝑇𝑎𝑚𝑏) = 𝐼𝑐𝐴𝑐𝛼𝑐 − 𝑄𝑟𝑎𝑑 − 𝑄𝑐𝑜𝑛𝑣 (1) 208 

  209 

𝑄𝑟𝑎𝑑 = 𝜖𝑐𝜎𝐴𝑐(𝑇𝑐𝑜𝑙𝑙
4 − 𝐹𝑐𝑠𝑇𝑠𝑘𝑦

4 − 𝐹𝑐𝑔𝑇𝑔𝑛𝑑
4 ) (2) 210 

 211 

𝑄𝑐𝑜𝑛𝑣 = 0.82 (
𝑈∞𝜈

𝜈0
2 ) 𝑊[𝜌𝑐𝑝𝜈0(𝑇𝑐𝑜𝑙𝑙 − 𝑇𝑎𝑚𝑏)] (3) 212 

 213 

 214 

 215 

 216 

Figure 9. Schematic of a UTC module 217 
 218 

 219 

 220 

 221 

The advantage of the porous system is its ability to absorb the thermal boundary layer so the 222 

convection losses are minimized provided that the approaching velocity is adequate. In this 223 

study the air flow rate through the UTC modules was considered constant during the working 224 

time, with a value of 2300 m3/h, according to regulations [25].  The façade was partitioned 225 

according to storeys, each of which had its own set of fans. 226 

To HVAC system 

Plenum 

Galvanized steel 

perforated flat plate 

Ambient air 

Insulation layer 
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The efficiency of the UTC façade can be evaluated using equation (4) [12]: 227 

 228 

  𝜂 =
𝜌𝐶𝑃𝜈0(𝑇𝑐𝑜𝑙𝑙−𝑇𝑎𝑚𝑏)

𝐼𝑐
  (4) 229 

2.3 Desiccant Wheel 230 

The empirical model of a desiccant wheel that was developed and validated in [26] was used in 231 

this study. This model was based on the design of experiment methodology and it was focused 232 

in the perfomance of a silica gel DW activated using low temperature regeneration air. The 233 

authors adjusted a set of polynomials of the form shown in equation 5 to the empirical results 234 

of a series of experimental tests carried out in a set of process air and regeneration air 235 

conditions. The list of parameters obtained empirically from these experiments can be seen in 236 

table 1. These parameter allow to evaluate the process air output temperature and humidity 237 

using the process and regeneration temperature and humidity input values. 238 

 239 

�̂� = 𝑏0 + ∑ 𝑏𝑖 · 𝑋𝑖

𝑘

𝑖=1

+ ∑ 𝑏𝑖𝑖 · 𝑋𝑖
2

𝑘

𝑖=1

+ ∑ ∑ 𝑏𝑖𝑗 · 𝑋𝑖

𝑘

𝑖=2
𝑗>𝑖

𝑘=1

𝑖=1

· 𝑋𝑗                               (5) 240 

 241 

 242 

Table 1. Estimated parameters for equation 5, obtained from experimental results in [26] using the design of 243 

experiment methodology. 244 

Estimated 
parameters 

Xi 
T’pox103 

[ºC] 
ω’pox103 
[g kg-1] 

 Estimated 
parameters 

Xi 
T’pox103 

[ºC] 
ω’pox103 
[g kg-1] 

b0 - -6736.67 -15366.80  b11 ωpi
2 -17.23 16.76 

b1 Tpi 72.10 1277.57  b12 ωpi·Tri -1.49 -2.23 
b2 ωpi 772.28 -785.18  b13 ωpi·ωri 5.65 16.84 
b3 Tri 410.38 1310.33  b14 ωpi·Ωpi 20.50 -6.79 
b4 ωri 224.17 -916.88  b15 Tri

2 -5.09 -11.90 
b5 Ωpi 357.36 -94.71  b16 Tri·ωri 7.31 -10.40 
b6 Tpi

2 16.58 -28.38  b17 Tri·Ωpi 6.71 -3.50 
b7 Tpi·ωpi -14.35 29.84  b18 ωri

2 -9.72 24.41 
b8 Tpi·Tri 7.35 -10.61  b19 ωri·Ωpi -5.49 11.88 
b9 Tpi·ωri -12.93 6.35  b20 Ωpi

2 -12.17 -9.44 
b10 Tpi·Ωpi -8.71 5.89  - - - - 

 245 
2.4 Evaporative coolers and rotary heat exchanger 246 

The RHE and the EC’s were modeled using the standard TRNSYS types 760 and 506 [27]. The RHE 247 

was set with a sensible effectiveness of 0.93 [28], and the evaporative coolers with a saturation 248 

efficienty of 0.95 [29]. 249 

 250 

2.5 Building model 251 

A set of building models were created using TRNBUILD to simulate the performance of the UTC 252 

façade system as heating system in the winter [30] and together with the DEC in the summer. 253 

The set of simulations was created with a unique indoor thermal node [31], considering the 254 

influence of the volume to surface ratio by studying different building shapes. Three shapes were 255 

selected: compact, linear and tower. The volume was 1300 m3 for all cases. These shapes and 256 
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their dimensions can be seen in figure 10. The area of the façade surfaces and the percentage 257 

covered with UTC are shown in table 2. 258 

 259 

The original façade layers were those of a traditional façade. The materials and geometry can 260 

be seen in table 3. The four building facades had a 25% of window surface [32]. The window’s 261 

panel had an U-value of 3.21 W/m2K and  a g-value of 0.772 [27]. Although in this model a unique 262 

thermal zone was considered, a number of inner walls were modeled to account for their 263 

thermal capacity. Two models were tested for comparison: the original building, and a 264 

refurbished building covering a 75% of the façade with UTC’s. North, south, east and west UTC 265 

façade orientations were tested in order to evaluate the accomodation of solar energy 266 

availability to occupation schedule. 267 

 268 

 269 

Figure 10. Building shapes. 270 
 271 

 272 

 Table 2. Surface areas of the buildings. 273 
 274 

Shape Façade area 
(m2) 

Area covered with 
UTC (m2) 

Window area 
(m2) 

Linear 130  97.5 32.5 

Compact 130 97.5 32.5 

Tower 204.8  153.6 51.2 

 275 

Table 3. Layers and properties of the previous façade. 276 

Layer Material 
Thickness 

(m) 
Conductivity 

(W/m K) 

Heat 
capacity 
( kJ/kg K) 

Density 
(kg/m3) 

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  m2 K/W) - - 

5(outside) Hollow brick 0.05 0.810 0.92 1700 

 277 

 278 

Compact 

10 x 10 x13 m 

Tower 

6.3 x 6.3 x 32.5 m 

Linear 

20 x 10 x 6.5 m 



12 
 

An office schedule was selected, from 9:00 a.m. to 6:00 p.m. with an occupation of 44 people, 279 

seated and writing according to ISO 7730. Lights were on at working time with a total heat gain 280 

of 10 W/m2 and also 30 computers with a power of 230 W each. The building was not occupied 281 

on weekends. 282 

 283 

2.6 Climates  284 

The simulations were carried out under four different climates according to [33], that 285 

correspond to dry and mild, wet and hot, dry and hot, and wet and mild summer climate 286 

conditions. The locations selected were Vienna, Cairo, Athens and Honolulu, see table 4. Typical 287 

meteorological data from Meteonorm [34] database were used. 288 

 289 

Table 4. Locations selected and their climatic conditions. 290 
 291 

Location Climate Summer 
Temperatures 

Summer Humidity 

Vienna Moderate Mild Dry 

Cairo Hot continental Hot Dry 

Athens Mediterranean Hot Wet 

Honolulu  Subtropical Mild Wet 

 292 

2.7 Simulation case studies 293 

The transient building simulation software TRNSYS [27] was used for the simulations. A timestep 294 

of 1 hour was set, and simulations were run for a typical meteorological year in each climate. A 295 

total of 48 simulations were carried out, combining the building shape, the location and the 296 

orientation of the UTC façade. Table 5 shows the list of cases simulated. 297 

 298 

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

 

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 
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 299 

 300 

 301 

The seasonal performance factor, SPF, was evaluated for the heating and cooling season in order 302 

to compare the performance in the different cases. Its expression is shown in equation 6.  303 

𝑆𝑃𝐹 =
𝐸𝑑𝑒𝑙

𝐸𝑒𝑙𝑒𝑐
 (6) 304 

Where Edel is the heating or cooling energy delivered and Eelec is the electrical energy used. 305 

2.8 Cost analysis 306 

The life cycle savings will be evaluated for all cases in order to obtain the most adequate 307 

combination of location, building shape and UTC façade orientation, to minimize the payback 308 

period. The life cycle saving is evaluated using equation 7.  309 

𝐿𝐶𝑆 = 𝑃1𝐶𝐹𝐿𝐹 − 𝑃2(𝐶𝐴𝐴 + 𝐶𝐸)  (7) 310 

Where LCS is the life cycle savings, CF is the unit cost of delivered conventional energy for the 311 

first year of analysis, L is the averaged cooling or heating load, F is the fraction of thermal load 312 

covered through solar energy, CA is the cost of UTC façade per unit area, A is the area of the UTC 313 

façade, CE is the fixed cost of the rest of the UTC installation, and  P1 and P2 are factors that 314 

represent the actualization of the cost of energy and the investment to the present time.   315 

If the LCS value is positive, then the investment is recovered, being the payback period in years 316 

equal to the P1/P2 ratio, see equation 8 [37]. The greater the P1/P2 ratio, the worse the 317 

investment in an UTC solar façade. 318 

   𝑃1 𝑃2⁄ = (𝐶𝐴𝐴 + 𝐶𝐸)/ 𝐶𝐹𝐿𝐹  (8) 319 

The price of primary energy was estimated 0.10 €/kWh and a natural gas furnace efficiency of 320 

90 % was selected for the study [37]. 321 

3 Results 322 

3.1 UTC Efficiency 323 

The annual average efficiency of the UTC façade is shown in figure 11 for all 48 cases. 324 

The highest values were found in cases 27 and 32, corresponding to Athens, in linear 325 

west orientation and compact east orientation, respectively. On the other hand, the 326 

lowest values were found in cases 9, 21 and 33, corresponding to Vienna, Cairo and 327 

Athens north orientation. 328 

North orientation presented the lower values for all the locations; for this orientation 329 

the lowest values were found for the tower case in every location. South orientation 330 

showed similar values, around 45%, for linear and compact shapes in all locations, 331 

whereas in tower shape the efficiency was around 29% for all locations. The value for 332 

east orientation was the highest for Vienna, Athens and Honolulu, linear shape. For west 333 

orientation the highest efficiency values were found in Cairo, linear shape, Athens and 334 

Honolulu, compact shape. 335 

Similar values were found in [6], where a single unglazed solar collector was studied. 336 

Although these values were lower than that for glazed collector, the advantages 337 
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aforementioned and the possibility of installing them as part of the façade of a building 338 

make UTC façade a viable method of solar radiation absoprtion for its use in thermal 339 

systems. 340 

 341 

Figure 11. UTC efficiency mean values in cases shown in table 5. 342 
 343 

 344 

3.2 Details of the system performace 345 

 346 

Figure 12 shows the total heat transfer breakdown for desiccant evaporative cooling 347 

in Honolulu for the working days in a year. The building in this location needed 348 

cooling throughout the year. It can be noticed that the adsorption heating suffered 349 

little variations, and that its value is very similar to the DEC cooling one. This allowed 350 

the EC to cool the process air, see figure 3. It can also be seen that when the 351 

adsorption heat decreased, due to the lack of solar radiation, the net cooling energy 352 

also decreased. Thus, the desiccant evaporative system needed the regeneration 353 

energy over a certain value in order to work properly. In [26] it is stated that below 354 

60 ˚C regeneration temperatures are considered low, although the DW studied 355 

could work with regeneration temperatures around 40 ˚C.  356 

 357 
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 358 

Figure 12. Energy exchange for each element in Honolulu for working days. 359 
 360 

3.3 Annual reference heating and cooling loads 361 

Before presenting the results of the ratio of energy demand covered using UTC’s, it 362 

is convenient to examine the annual heating and cooling demand in each climate 363 

and for each building shape without using  UTC-DEC system, figures 13 and 14. 364 

Vienna presented the highest heating demanding climate, whereas Honolulu did not 365 

show any heating demand at all. Athens presented a higher heating demand than 366 

Cairo. Regarding cooling demand, the greater values were found in Honolulu,  Cairo 367 

and Athens, and the less demanding location was Vienna. In all climates, the 368 

compact shape showed the lowest heating and cooling energy demand, as this 369 

shape has the lowest area to volume ratio. 370 

 371 

Figure 13. Heating demand without UTC façade. Climates: (A) Vienna, (B) Cairo, (C) Athens, (D) Honolulu. 372 
 373 

 374 

Figure 14. Cooling demand without UTC façade. Climates: (A) Vienna, (B) Cairo, (C) Athens, (D) Honolulu. 375 
 376 

3.4 Weekly typical heating and cooling demand coverage 377 
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Figures 15 and 16 show the performance of the UTC system in the heating season for a typical 378 

winter week in the most and least heating demanding locations, Vienna and Cairo, respectively. 379 

The figures also show the incident solar radiation on the UTC façade. It can be seen that in 380 

Vienna the demand coverage during the day is lower in the morning and in the afternoon, when 381 

the sun is low in the sky and the incident angle on the south façade is small. In the case of Cairo, 382 

heating demand coverage was lower in the first hours in the morning but reach 100% at noon. 383 

However, the heating demand in Cairo was low, see figure 13, so heating demand coverage was 384 

not as critical as in Vienna. In some cases, usually first time in the morning and in the late 385 

afternoon, negative values were found, as the sun was low in the sky and its incident angle was 386 

insufficient to heat up the ventilation air. In these cases cold air was introduced into the building, 387 

thus increasing the heating demand. 388 

Figure 16 shows that the heating demand coverage in Cairo only applies to the morning hours, 389 

since the heating demand was low in this climate, figure 13.  In the afternoon, the heating 390 

demand dissapears for this climate, so introducing heat air led to overheating. In the heating 391 

case, the UTC performance is like any other kind of solar collector, but it’s more sensitive to 392 

wind, as convective losses to the outside depend on the wind velocity, equation 3. In order to 393 

prevent the thermal losses from increase, an adequate value of the air flow rate through the 394 

façade should be set [6]. 395 

Figures 17 and 18 show  the cooling demand coverage in the most and least favourable locations 396 

for a typical summer week, Vienna and Athens. In the case of Vienna, there was a high 397 

percentage of coverage, due mainly to its low cooling demand without UTC. Athens had lower 398 

cooling demand coverage,  due to its high humidity in the summer. In this case an evaporative 399 

cooling system is not as effective as in a dry climate. 400 

 401 

 402 
 403 

 404 

 405 

 406 

407 
Figure 15. Heating coverage for Vienna in a typical week. South UTC facade orientation. 408 
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 409 

Figure 16. Heating coverage for Cairo in a typical week. South UTC orientation. 410 
 411 

 412 
Figure 17. Cooling coverage for Vienna in a typical week. South UTC facade orientation. 413 

 414 

 415 

Figure 18. Cooling coverage for Athens in a typical week. South UTC orientation. 416 

 417 

3.5 Effect of the UTC façade orientations and the building shape 418 

The effect of UTC façade orientation on the heating and cooling demand was studied for the 419 

example of the linear building shape. The trends were found similar for the rest of shapes. Figure 420 

19 shows the heating demand coverage and the total solar radiation in a typical winter week in 421 

Vienna.  When the UTC façade was facing north the lowest heating demand coverage was 422 
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obtained, see figure 19A. The highest demand was found in the south orientation. The east and 423 

west orientation presented greater coverage during the morning and afternoon hours 424 

respectively. In all cases the heating demand coverage increased when the incident solar 425 

radiation on the façade increased, days 1 to 2, and  decreased when it was decreased, days 3, 4 426 

and 5. 427 

Figure 20 shows the coverage of cooling demand in a typical summer week in Athens. In the 428 

north and south orientations, figure 20 A and B, an approximately 60 % of the demand was met 429 

by the DEC system at midday hours. In the east and west orientations, figure 20 C and D, the 430 

values were similar, but the peak values were displaced to the morning hours for east UTC and 431 

to the afternoon for west UTC. 432 

These results show that the solar radiation peak values on the UTC façade and peak values of 433 

cooling demand not always coincide in time. Thus, the orientation of the façade equipped with 434 

UTC’s should be carefully selected to match the energy demand. If maximum cooling energy is 435 

needed, it could be advisable to install UTC’s in several orientations, achieving in this way a 436 

flatter profile. Regarding the effect of the building shape, figures 21 and 22 presents the heating 437 

demand coverage in Vienna and the cooling coverage in Athens, respectively, for the UTC south 438 

orientation.  439 

The heating demand coverage followed the same trend as the solar radiation in all cases. The 440 

highest coverage values were found for the compact shape and the lowest values for the linear 441 

shape, see figure 21 A. In this case, a higher façade area resulted in greater heat losses, so the 442 

high surface to volume ratio shapes were penalised. 443 

 444 

Besides, high rise buildings are more probably exposed to solar radiation than lower ones. Low 445 

rise buildings are not usually in a standalone configuration in cities, and they have more 446 

possibilities of being shaded by surrounding buildings, trees or other obstacles. 447 

 448 

In figure 22, the case of linear shape presented a higher cooling demand coverage values than 449 

the compact and tower ones. In the compact case the reduced façade area is insufficient for 450 

activate thermally the desiccant wheel. In tower shape heating loads were higher due to larger 451 

standard facades to the east and west. Additionally, this is an example in a humid climate, so 452 

dehumidification is critical to achieve evaporative cooling. Thus, a high regeneration 453 

temperature is needed for the system to work well. 454 

 455 

 456 
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 457 

Figure 19. Heating coverage for Vienna in a typical week. Linear shape. Orientations: (A) north, (B) south, (C) 458 
east, (D) west. 459 

 460 

 461 

Figure 20. Cooling demand for Athens in a typical wek. Linear Shape. UTC facing: (A) north, (B) south, (C) east, 462 
(D) West. 463 

 464 

 465 

Figure 21. Heating coverage Vienna in a typical week. South UTC facade orientation. Shapes: (A) linear, (B) 466 
compact, (C) tower. 467 

 468 
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 469 

Figure 22. Cooling coverage for Athens in a typical week. South orientation. Shapes: (A) linear, (B) compact, (C) 470 
tower. 471 

 472 

3.6 Annual heating and cooling demand coverage 473 

3.6.1 Heating  474 

The annual heating demand coverage values are shown in figure 23. Regarding UTC orientation, 475 

the greatest values were found for south, east and west orientation. Athens presented a 476 

maximum of 99.7 % coverage for south orientation, for compact and tower shapes. Regarding 477 

the shape, the tower cases were found to have the greater annual heating demand coverage for 478 

south orientation, whereas the linear shape presented higher values for the east and west 479 

orientations. In Cairo, positive, i.e. heating energy saving, values were found mainly for the south 480 

orientation, although the maximum value was found for west orientation, 42.0 %. The negative 481 

values, i.e. an increase in energy demand, in this case were not significative, as the heating 482 

demand for this location was very low, so any cold air introduced through the UTC caused the 483 

heating demand to increase. The highest heating coverage values were found in Athens, where, 484 

even for north orientation, covering values reached almost 100 % of the heating demand. 485 

Figure 24 shows the SPF for the cooling season for all locations and building shapes. The highest 486 

values were found in Athens, whereas the lowest values were found in Vienna. Honolulu did not 487 

present any heating demand at all, so its SPF value is zero. Regarding the shape, the highest 488 

values corresponded to the linear building, and the best UTC orientation was found to be south, 489 

where solar radiation is higher. 490 

 491 
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 492 
Figure 23. Annual heating demand covered by the UTC-DW-DEC system by UTC façade orientation. Locations: (A) 493 

Vienna, (B) Cairo, (C) Athens, (D) Honolulu.  494 
 495 

 496 

 497 

Figure 24. SPF Heating by UTC façade orientation. Locations: (A) Vienna, (B) Cairo, (C) Athens, (D) Honolulu. 498 
 499 

 500 

3.6.2 Cooling season 501 
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Figure 25 shows that the highest annual coverage demand was found in all locations for the 502 

linear building shape. The highest value, 77.1 % was found for the linear building in Vienna. 503 

Honolulu and Athens showed similar coverage values with a maximum of 59.3 % and 50.2 % 504 

respectively. The reason is that both had very humid climate. Furthermore, Honolulu is a tropical 505 

climate and needs cooling throughout the year. Only Cairo and Honolulu had positive cooling 506 

demand coverage values for the compact and tower shapes. In the former case because of its 507 

dry climate, that is convenient for evaporative cooling, and in the latter for its milder 508 

temperatures. 509 

All the locations presented a positive SPF value, as figure 26 shows. The lowest value was for the 510 

north orientation. The south orientation had the highest values in general, but similar values 511 

were obtained in the east and west orientations. This result showed that installing a DEC system 512 

could be an effective method for reducing cooling energy demand. Similar values were found in 513 

[35].  Higher values could have been obtained if the UTC inlet air could be connected to the 514 

outlet air stream from the RHE, but due to the structure of the UTC, it can only work with 515 

ambient air, leading to lower SPF values [6]. 516 

 517 

 518 
Figure 25.Annual cooling demand covered by the UTC-DW-DEC system by UTC façade orientation. Locations: (A) 519 

Vienna, (B) Cairo, (C) Athens, (D) Honolulu. 520 
 521 
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 522 

 523 
Figure 26. SPF Cooling by UTC façade orientation. Locations: (A) Vienna, (B) Cairo, (C) Athens, (D) Honolulu. 524 

3.7 Cost analysis 525 

Tables 6 and 7 show the simple payback period for the UTC façade in the heating and cooling 526 

system for all shapes and orientations studied. Positive values of the P1/P2 factor mean that the 527 

energy savings are enough to compensate for the initial investment, whereas negative values 528 

mean the expenses are greater using the UTC façade.  529 

 530 

Figure 27. P1/P2 factor or simple payback period in years for using the UTC facade in the heating system. 531 
 532 
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 533 

Figure 28. P1/P2 factor or simple payback period in years for using the UTC facade in the cooling system. 534 
 535 

In the case of heating, Figure 27, Vienna presented the lowest payback periods for the linear 536 

shape, orientations south, east and west, and tower shape south orientation. In the case of 537 

Cairo, heating with an UTC façade is not a good investment, as their payback periods are either 538 

negative or very high. Athens can be considered a good location for installing UTC facades as the 539 

payback periods were positive in all cases with values between 6.5 and 10.1 years. In Honolulu 540 

climate there is no need for a heating system, so no payback period calculations were done. 541 

 542 

Figure 28 shows the payback periods in the case of the cooling system. Vienna presented 543 

positive values only in the linear shape, for north, south and east orientations. In contrast, Cairo 544 

presented positive values in all cases, with payback periods around 3.5 years for the linear shape 545 

and all orientations, and relatively low values in the rest of the cases. Athens presented positive 546 

values only for the linear shape, with payback periods from 7.6 to 9.3 years. Honolulu presented 547 

positive values in all cases, except for compact shape, north orientations. However, only low 548 

values were found for the linear shape. For the rest of cases, the payback periods were higher 549 

than 19.7 years. 550 

 551 

According to this data, Vienna and Athens climates have a high potential for energy saving using 552 

a UTC façade both with the heating and cooling system, and the linear building shape is the most 553 

adequate. On the other hand, Cairo and Honolulu’s potential is only high for the cooling season, 554 

also with the linear building shape. 555 

 556 

Summarizing, the Mediterranean climate is most appropriate to obtain heating energy savings, 557 

above 90%, using a UTC-DEC system, with compact and tower shapes having the maximum 558 

heating demand coverage values, and being south the best orientation to install the UTC façade. 559 

As for cooling, the greatest energy saving, 77.1%, was obtained in moderate climate, linear 560 

shape and south orientation, figure 25 (A). 561 

 562 

4 Conclusions 563 
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Refurbishment of facades using unglazed solar collectors was evaluated in this paper. Heating 564 

was achieved by introducing the air directly from the UTC’s modules. For cooling, a desiccant 565 

evaporative cooling system was implemented. A series of simulations were carried out under 566 

four different climate conditions, installing the UTC on the four orientations and testing it for 567 

three different building shapes. 568 

 The results showed that heating was possible in all the climates and building shapes studied, 569 

with moderate and mediterranean climates presenting a higher potential in the cost analysis. 570 

Cooling was achievable with maximum energy savings in the cases where the UTC façade was 571 

installed in the south and west orientation. The most favourable conditions were the linear 572 

building shape with the south orientation and a hot continental climate. The cost analysis results 573 

showed that installing the UTC-DEC system for cooling using the linear building shape was 574 

beneficial in all climates and orientations. 575 

 As a solution for the less favourable cases, an additional heating system could be used to supply 576 

the extra heat for the desiccant system to work properly. Using a combined UTC and DEC system 577 

reduce energy consumption both in the heating and the cooling season, but the shape of the 578 

building, the orientation of the façade refurbished, and the local climatic conditions should be 579 

carefully studied before deciding to install this system. 580 

From the results obtained in this paper it can also be concluded that in some circumstances it 581 

could be more beneficial to install a UTC-DEC system using the maximum façade area possible 582 

regardless its orientation. An adequate control system could distribute conveniently the 583 

airstreams to obtain the maximum energy saving possible depending on the internal thermal 584 

load time distribution. 585 

 586 

 587 

 588 

 589 
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