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ABSTRACT 

Hybrid systems with desiccant wheel, DW, are an alternative to conventional heating, 

ventilation and air conditioning, HVAC, systems for dehumidification and humidity control in 

rooms with high latent loads. The objective of this study was to obtain a DW model which 

represents accurately the behaviour of a DW activated at low temperature 

For this, the statistical design of experiments technique, DOE, was used to obtain first and 

second order simplified models to analyze the behaviour of DW’s in low temperature activated 

hybrid systems. The proposed models can be used to predict the influence of the inlet process 

air and inlet regeneration air, on the air process outlet temperature and humidity ratio. 

The proposed methodology showed that a reduced number of experimental tests are required to 

fit the mathematical model. The accuracy of the numerical results of the mathematical models 

were acceptable, with maximum deviations below 4% for temperature and 10% for humidity 

ratio. The second order model was considered to be the best option due to the balance between 

accuracy and low number of experimental tests. 

The results showed a significant influence of the inlet humidity ratio of the air process and 

regeneration on the increase of the dehumidification ratio. 
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Nomenclature 

a estimated parameter 

CC cooling coil 

DOE design of experiments 

DW desiccant wheel 

EA exhaust air 

F centrifugal fan 

FC flow conditioner 

EH electric heater 

HC heating coil 

HR relative humidity [%] 

k number of parameters 

MA mixed air 

MB mixing box 

N number of design experimental tests 

OA outdoor air 

PT pitot tube 

RA recirculated air 

RMSET root mean square error for temperature [ºC] 

RMSEω root mean square error for temperature [g kg-1] 

SH steam humidifier 

T temperature [ºC] 

X input variable 

�̂� estimated output value 

Greek letters 

∆P pressure difference [Pa] 

δT error in predicting the temperature variation of the process air [%] 

δω error in predicting the humidity ratio variation of the process air [%] 

ω humidity ratio [g kg-1] 

Ω specific mass airflow rate [kg s-1 m-3] 

Subscripts 

num simulated values of temperature or humidity ratio 

d dew point 

exp experimental values of temperature or humidity ratio 

i inlet 

o outlet 

p process 

r regeneration 

 

1 INTRODUCTION 

 

The control of the water vapour content in the air is necessary to maintain the required indoor 

conditions for thermal comfort of certain industrial processes. The external and internal latent 
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loads in a room can produce an increase of water vapour, so it is necessary to use a system to 

reduce and control the humidity ratio. Some examples of local high latent loads are restaurants, 

indoor swimming pools or spas. Traditional HVAC systems, with cooling dehumidifiers, 

usually control comfort conditions in a room, but these systems present problems when 

simultaneously controlling sensible and latent loads [1]. Hybrid systems based on combinations 

of traditional systems with desiccant wheels can be an alternative to solve this problem.  In 

these systems the space latent and sensible loads are decoupled [2]. Hybrid systems can operate 

with low values of sensible heat factor, which are particularly suitable for rooms with high 

latent loads. Desiccant dehumidifiers differ from cooling dehumidifiers in the way of removing 

water from the humid air stream. Instead of cooling the air to condense its moisture, desiccants 

attract moisture from the air by creating an area of low vapour pressure at the surface of the 

desiccant. The pressure exerted by the water in the air is higher, so the water molecules move 

from the air to the desiccant and the air is dehumidified [3]. Furthermore, desiccants can retain 

substances other than water vapour, these allow removing contaminants from the air stream for 

improving the indoor air quality in buildings [4]. 

Many studies about hybrid systems with desiccant wheels, DW, have been carried out [5–8]. 

Energy savings were obtained only when the DW was regenerated using waste heat from 

another process. Some authors studied the behaviour of hybrid systems using waste energy to 

regenerate the DW, obtaining great economic savings [8–10]. However, in some cases either 

waste heat energy is not available or the corresponding temperature level is not adequate. In 

recent years, some studies have analysed the use of solar energy to regenerate DW’s [6,7]. 

However, these systems required an auxiliary source of heat. The solar system also involved a 

significant increase in the overall system economic cost. 

A DW integrated in a hybrid system can be operated at low regeneration temperatures. Hybrid 

systems with temperatures of air of regeneration of 55°C and 46ºC [9,11] has been analyzed, 

showing acceptable desiccant capacity. Two low temperature activated systems with DW are 

shown in Fig. 1. The first system is composed of a solar heating system and a low temperature 

boiler that supplies hot water to the heating coil, HC. The HC heats up the regeneration air 
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previous to the DW, see Fig. 1a. Fig. 1b shows a low regeneration temperature hybrid system 

composed by a refrigeration vapour compression system and DW. This hybrid system allows 

the regeneration of the DW using the heat from the condenser.  In addition, the evaporator 

cooling effect is used to cool and dehumidify the process air. 

 

 

 

Fig. 1. Schematic of low temperature activated systems (a) solar thermal system with desiccant 

wheel; (b) hybrid refrigeration system with desiccant wheel. 

 

A numerical model of a DW is very convenient for parametric optimization analysis of hybrid 

systems. Different experimental and numerical research works have been carried out for the 

characterization of the operating parameters that influence the overall performance of the DW. 

Some researchers developed detailed  models, considering the heat and mass transfer in the DW 

[12–16]. These models are not easy to implement and require high computation time. Moreover, 

some constructive parameters and materials data of the DW   are not normally available. 

Another modelling approach is based on simplified models of the DW which require less 

computation time. A widely used simplified method to study the behaviour of the DW is that 

based on the effectiveness concept. It is also referred to as the linear analogy method [17] and  

takes into account two independent potential variables [18]. The effectiveness method based on 

constant values has been used previously in several studies [19,20]. Simplified mathematical 

models are easy to implement, but many experimental tests are needed to fit the effectiveness 

parameters in the model. Important errors can be introduced when constant values of the 
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effectiveness parameters are assumed in the effectiveness method [21]. Simplified mathematical 

models can be improved by using variable parameters of efficiency. However, the accuracy of 

simplified models is reduced when variable parameters of efficiency are obtained by means of 

interpolation [21]. 

Other authors have developed empirical correlations to study the behaviour of the wheel 

[22,23]. The advantage of this approach is that the model fits the constructive characteristics and 

specific materials of a DW. However the empirical model obtained can not be used in a 

different DW from that in which it was obtained. 

This work aims at obtaining a DW model which represents accurately the behaviour of a DW 

activated at low temperature. The methodology used is based on the statistical technique of 

design of experiments, DOE, which allows to fit the DW model with a reduced number of 

experimental tests. A DW model can be helpful to identify the most influential factors in the 

behaviour of systems with low regeneration temperatures.  

 

2 METHODOLOGY 

2.1 Experimental setup 

A schematic diagram of the DW experimental setup is shown in Fig. 2. Process and 

regeneration air streams were arranged in counterflow in independent ducts. Inlet process air 

and regeneration air conditions were generated by means of cooling coil, CC, heating coil, HC, 

electric heater, EH, and a steam humidifier, SH, that were installed for each air steam upstream 

to the DW [24,25]. The process and regeneration air flow rates were controlled by means of 

variable speed fans. Two mixing boxes allowed recirculation of process and regeneration air 

streams or to mix the outdoor air with the treated air. These devices provided the required 

conditions of temperature, humidity and airflow rate at the process and regeneration inlets of the 

DW. Characteristic of the equipment of the experimental test rig setup are shown in Table 1. 

Table 1. Characteristics of equipment. 

Equipment Value 
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Cooling coil (CC) 

 Total cooling capacity 15.8 [kW] 

 Sensible cooling capacity  12.2 [kW] 

 Nominal water flow  2.7 [m3 h-1] 

 Pressure drop  5.1 [m] 

Heating coil (HC) 

 Heating capacity 18.8 [kW] 

 Nominal water flow  2.7 [m3 h-1] 

 Pressure drop  5.1 [m] 

Electric heater (EH) 

 Electric power  7.2 [kW] 

Fan (F) 

 Nominal airflow  3100 [m3 h-1] 

 Available static pressure  0.007 [m] 

 Nominal motor power  0.6 [kW] 

 Speed  1125 [rpm] 

Steam humidifier (SH) 

 Steam flow  45 [kg h-1] 

 Max. power  33.75 [kW] 

 

The DW was enclosed in a steel cassette and it was driven by a constant speed motor at 42 rph. 

The matrix of the DW consisted of alternate layers of flat and corrugated sheets of silica gel and 

metal silicates, chemically bonded into a tissue of inorganic fibres. The process and 

regeneration streams lay-out was 50% process-50% regeneration. Other characteristics of the 

DW are shown in Table 2. 

Table 2. Characteristics of desiccant wheel. 

Parameters Value  

Rotor diameter 550  [mm] 

Rotor length 200  [mm] 

Desiccant material Silica gel  

Channel shape Honeycomb  

Nominal capacity 15  [kg h-1] 

Nominal air flow 2300  [m3 h-1] 

Rotation speed 42  [rph] 

Weight 57  [kg] 

Power supply 230  [V] 
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Fig. 2. Lay-out of test facility. 

 

The measurement of air flow rate was performed with two averaging Pitot tubes, PT. In order to 

obtain a stable airflow, four flow conditioners, FC, were installed in the ducts, two upstream the 

air flow rate measuring point and two downstream. 

The measured variables in the test rig, the type of sensor and its accuracy are shown in  

Table 3. The locations of the sensors are showed in Fig. 2. The temperatures and humidities at 

the inlet and outlet of the DW were measured at three different points of the horizontal axis, 

averaging the three measurements [26]. All the experimental tests were carried out under steady 

state conditions. The sampling time was 3 s and the values were averaged every 20 min. 

 

Table 3. Specification of measuring devices. 

Measured parameter Type Accuracy 

T1, T2, Tpi, Tpo, Tri, Tro PT 100 ± 0.12 ºC 

Td,pi, Td,po Chilled mirror hygrometer ± 0.15 ºC 

Td,ri, Td,ro Capacitive ± 0.4 ºC 

HR1, HR2 Capacitive ± 3 % 

∆P1, ∆P2 Differential pressure transmitter ± 0.3 % (0 to 1 mbar) 
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2.2 Design of experiment 

The statistical technique DOE was used to fit different models with the experimental data. DOE 

is a methodology to systematically apply Statistics to the process of experimental tests [27,28]. 

Three cases were studied using different inputs and outputs variables, as shown in Table 4. The 

considered inputs variables were the inlet air process temperature, Tpi, inlet air process humidity 

ratio, ωpi, process specific mass airflow rate, Ωp, ratio of  inlet mass velocity to the channel 

length [21], inlet air regeneration temperature, Tri, inlet air regeneration humidity ratio, ωri, and 

regeneration specific mass airflow rate, Ωr. The considered output variables were the outlet air 

process temperature, Tpo, and outlet air process humidity ratio, ωpo. In case studies 1 and 3, the 

effect of four input variables, Tpi, ωpi, Tri, ωri, was studied considering a two level factorial 

design [27] and a three level box-Behnken design [27], respectively. In case study 2, the effect 

of five input variables, Tpi, ωpi, Tri, ωri, Ωp, Ωr, was studied considering a two level factorial 

design. Both air streams were considered balanced for all cases. 

Table 4. Case studies of design of experiments. 

Case 

study 
Type design Order 

 Input 

variables 

 Output 

variables 

 Tpi ωpi Tri ωri Ωp Ωr  Tpo ωpo 

1 2 level factorial First  x x x x    x x 

2 2 level factorial First  x x x x x x  x x 

3 3 level box-Behnken Second  x x x x    x x 

 

2.2.1 Case study 1 

Two grids were defined to cover the range of validity of the process and regeneration air 

streams, as shown in Fig. 3. The ranges were selected to implement the DW model in low 

temperature activated hybrid models. 

The DOE methodology starts defining a grid: (i) four different inlet states for the process 

airflow were selected, P1 to P4, as showed in the psychrometric chart of Fig. 3, covering the 

range of interest, (ii) a fifth inlet state P5 was added, located inside the four-sided polygon 

previously created. The regeneration inlet condition can be treated in the same manner, 
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introducing another set of five points R1 to R5, see Fig. 3. The conditions P1-P4 of the inlet 

states for the process airflow were combined with the conditions R1-R4 of the inlet states for 

the regeneration airflow, to study the behaviour of the input variables. The interior points P5 

and R5 were combined to obtain the independent estimate of experimental error. The resulted 

process grid was not rectangular, in order to obtain the widest range of validity. The inlet states 

used for each input variables are shown in  

Table 5. All the tests were performed using the nominal air flow rate of the DW. The study 

consisted of 19 experimental tests, including 3 replicates of the tests combining the interior 

points, and 8 degrees of freedom. The results of this set of experiments were used to fit the 

parameters of a first order model expressed by the Eq. (1): 

 

�̂� = 𝑎0 + ∑ 𝑎𝑖 · 𝑋𝑖

𝑘

𝑖=1

                                                                                                        (1) 

 

Where k is the number of parameters, a0 and ai are the estimated parameters, X are input 

variables and Ŷ is the estimated output value. 
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Fig. 3. Grid considered for the inlet states of the process and regeneration airflow for case 

studies 1 and 2. 

 

Table 5. Inlet states airflow for case studies 1 and 2. 

Point Tpi [ºC] ωpi [g kg-1]  Point Tri [ºC] ωri [g kg-1] 

P1 17.50 12.00  R1 34.00 13.00 

P2 29.50 15.50  R2 42.50 13.00 

P3 29.50 21.50  R3 42.50 22.50 

P4 26.00 21.50  R4 34.00 22.50 

P5 27.25 18.50  R5 38.50 17.75 

 

2.2.2 Case study 2  

The same grids as in case 1 were used in case study 2, see Fig. 3. The values of temperature and 

humidity ratio were the same as in case 1, as shown in  

Table 5. The specific mass airflow rate range considered varied from 14.79 kg s-1 m-3 to 30.92 

kg s-1 m-3. A total of 35 experimental tests were carried out, including 3 replicates of the tests 

combining the interior points, and 16 degrees of freedom. The results of this set of experiments 

were used to fit the parameters of a model expressed by the Eq. (1). 
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2.2.3 Case study 3 

Two grids were defined, to cover the same range of validity as cases 1 and 2, but with additional 

inlet states, see Fig. 4. The two grids were defined by different inlet states for process air inlet, 

P1-P9, and inlet states for regeneration air inlet, R1-R9. The inlet states P1-P4 of the process air 

were combined with the regeneration interior point, R5. The inlet states R1-R4 of the 

regeneration air were combined with the process interior point, P5. The inlet states P6-P9 were 

combined with the inlet states R6-R9. Finally, the interior points P5 and R5 were combined to 

obtain the independent estimate of experimental error. The considered inlet states for each input 

variable are shown in Table 6. All the tests were performed for nominal air flow rate of the DW. 

There were a total of 27 experimental tests, including 3 replicates of the tests combining the 

interior points, and 12 degrees of freedom. The results of this set of experiments were used to fit 

the parameters of a second order model expressed by the Eq. (2): 

 

�̂� = 𝑎0 + ∑ 𝑎𝑖 · 𝑋𝑖

𝑘

𝑖=1

+ ∑ 𝑎𝑖𝑖 · 𝑋𝑖
2

𝑘

𝑖=1

+ ∑ ∑ 𝑎𝑖𝑗 · 𝑋𝑖

𝑘

𝑖=2
𝑗>𝑖

𝑘=1

𝑖=1

· 𝑋𝑗                                      (2) 

Where k is number of parameters, a0 and ai are the estimated parameters, X are input variables 

and �̂� is the estimated output value. 
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Fig. 4. Grid considered for the inlet states of the process and regeneration airflow for case study 

3. 

 

Table 6. Inlet states airflow for case study 3. 

Point Tpi [ºC] ωpi [g kg-1]  Point Tri [ºC] ωri [g kg-1] 

P1 17.50 12.00  R1 34.00 13.00 

P2 29.50 15.50  R2 42.50 13.00 

P3 29.50 21.50  R3 42.50 22.50 

P4 26.00 21.50  R4 34.00 22.50 

P5 27.25 18.50  R5 38.50 17.75 

P6 27.25 14.60  R6 38.50 13.00 

P7 29.50 18.50  R7 42.50 17.75 

P8 27.25 21.50  R8 38.50 22.50 

P9 24.00 18.50  R9 34.00 17.75 

 

2.3 Validation of models 

In order to have a quantitative estimation of the difference between experimental measured and 

simulated temperature and humidity ratio values, the root mean square error, RMSE, was 

calculated [20], using Eq. (3-4): 
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𝑅𝑀𝑆𝐸𝑇 = √
∑ (𝑁

𝑖=1 𝑇𝑖,𝑝𝑜,𝑒𝑥𝑝 − 𝑇𝑖,𝑝𝑜,𝑛𝑢𝑚)2

𝑁
                                                        (3) 

𝑅𝑀𝑆𝐸𝜔 = √
∑ (𝑁

𝑖=1 𝜔𝑖,𝑝𝑜,𝑒𝑥𝑝 − 𝜔𝑖,𝑝𝑜,𝑛𝑢𝑚)2

𝑁
                                                    (4) 

 

The experimental tests used to validate the models were different than those used to fit the 

models. All of them used data within the same range of validity. A psychrometric chart with the 

inlet states of the process air and regeneration air for the three case studies is shown in Fig. 5. A 

number of 30 validation experimental tests were carried out for case studies 1 and 3. A number 

of 50 validation experimental tests were carried out in the case study 2 to consider the influence 

of the specific mass airflow rate treated by the DW, where 30 tests coincided to the three case 

studies. 

 

 

Fig. 5. Inlet states of the process air and regeneration air of the validation experimental tests. 

 

3 RESULTS AND ANALYSIS 
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3.1 First and second order models 

The output variables, outlet process temperature, Tpo, and the outlet process humidity ratio, ωpo, 

can be calculated using Eq. (5) for the first order model of case study 1, Eq. (6) for the first 

order model of case study 2 and Eq. (7) for the second order model of case study 3. In Eq. (6) 

the input variable Ω corresponds to the specific mass airflow process flow, Ωp, and the specific 

mass airflow regeneration, Ωr. 

 

�̂� =  𝑎0 +  𝑎1 · 𝑇𝑝𝑖 +  𝑎2 · 𝜔𝑝𝑖  +  𝑎3 · 𝑇𝑟𝑖 +  𝑎4 · 𝜔𝑟𝑖  + 𝑎5 · 𝑇𝑝𝑖 · 𝜔𝑝𝑖  +  𝑎6 · 𝑇𝑝𝑖 · 𝑇𝑟𝑖 + 𝑎7 ·

𝑇𝑝𝑖 · 𝜔𝑟𝑖  + 𝑎8 · 𝜔𝑝𝑖 · 𝑇𝑟𝑖  +  𝑎9 · 𝜔𝑝𝑖 · 𝜔𝑟𝑖 + 𝑎10 · 𝑇𝑟𝑖 · 𝜔𝑟𝑖    (5) 

 

�̂�  =  𝑎0 +  𝑎1 · 𝑇𝑝𝑖  + 𝑎2 · 𝜔𝑝𝑖  +  𝑎3 · 𝑇𝑟𝑖 +  𝑎4 · 𝜔𝑟𝑖 +  𝑎5 · Ω +  𝑎6 · 𝑇𝑝𝑖 · 𝜔𝑝𝑖  +  𝑎7 · 𝑇𝑝𝑖 ·

𝑇𝑟𝑖 + 𝑎8 · 𝑇𝑝𝑖 · 𝜔𝑟𝑖  +  𝑎9 · 𝑇𝑝𝑖 · Ω +  𝑎10 · 𝜔𝑝𝑖 · 𝑇𝑟𝑖  +  𝑎11 · 𝜔𝑝𝑖 · 𝜔𝑟𝑖 +  𝑎12 · 𝜔𝑝𝑖 · Ω + 𝑎13 ·

𝑇𝑟𝑖 · 𝜔𝑟𝑖 + 𝑎14 · 𝑇𝑟𝑖 · Ω +  𝑎15 · 𝜔𝑟𝑖 · Ω       (6) 

 

�̂�  =  𝑎0 +  𝑎1 · 𝑇𝑝𝑖 + 𝑎2 · 𝜔𝑝𝑖 +  𝑎3 · 𝑇𝑟𝑖 +  𝑎4 · 𝜔𝑟𝑖 + 𝑎5 · 𝑇𝑝𝑖
2 +  𝑎6 · 𝑇𝑝𝑖  · 𝜔𝑝𝑖  + 𝑎7 · 𝑇𝑝𝑖 ·

𝑇𝑟𝑖  +  𝑎8 · 𝑇𝑝𝑖 · 𝜔𝑟𝑖  + 𝑎9 · 𝜔𝑝𝑖
2 +  𝑎10 · 𝜔𝑝𝑖 · 𝑇𝑟𝑖  +  𝑎11 · 𝜔𝑝𝑖 · 𝜔𝑟𝑖  +  𝑎12 · 𝑇𝑟𝑖

2 + 𝑎13 · 𝑇𝑟𝑖 ·

𝜔𝑟𝑖  + 𝑎14 · 𝜔𝑟𝑖
2          (7) 

 

Where the output variable �̂�, correspond to the outlet process temperature, Tpo, or the outlet 

process humidity ratio, ωpo. The corresponding estimated parameters are shown in Table 7. 

 

Table 7. Estimated parameters for case studies. 

Estimated 

parameters 

 Case study 1  Case study 2  Case study 3 

 Tpo (x103) 

[ºC] 

ωpo (x103) 

[g kg-1] 

 Tpo (x103) 

[ºC] 

ωpo (x103) 

[g kg-1] 

 Tpo (x103) 

[ºC] 

ωpo (x103) 

[g kg-1] 

a0  6081.84 -16707.70  9012.70 -4828.58  93985.40 -9448.80 

a1  328.15 144.14  -25.41 -16.01  -177.97 1277.70 

a2  -400.65 1786.87  23.17 1783.16  -392.09 -1217.59 

a3  438.02 82.74  543.06 -189.88  -3168.40 82.29 

a4  -49.42 505.68  -291.07 485.12  -1361.45 1188.94 
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a5  8.64 -19.08  -26.53 -337.70  -8.35 -44.00 

a6  3.49 3.80  6.38 -7.31  -17.27 78.95 

a7  -1.91 2.16  7.34 7.44  28.64 9.202 

a8  4.62 -6.52  -2.36 8.74  21.52 -28.54 

a9  9.73 -13.22  8.41 -8.42  30.12 -10.47 

a10  -6.78 -4.24  -0.21 -20.09  -8.06 -11.85 

a11  - -  4.78 -11.79  11.17 29.96 

a12  - -  3.04 6.25  37.53 -2.63 

a13  - -  -0.51 -4.71  7.06 -5.08 

a14  - -  -7.56 14.04  5.39 -14.74 

a15  - -  3.31 -5.11  - - 

 

3.2 Statistical analysis. 

The results of the analyses of variance, ANOVA, for the three cases studies are summarized in 

Table 8. It is shown each of the main estimated effects, the standard error of each of the effects, 

which measures their sampling error, the statistical parameter F-Ratio, the statistical parameter 

P-value and the lack of fit test. All variables were found significant at 95% confidence level. 

Therefore, a variation of the output variables with the input variables was expected. The models 

were found suitable for the observed data at 95 % confidence level, since the P-values for lack-

of-fit tests were greater to 0.05 in all cases. 

The results for the case studies 1 and 3 showed that the most influential variables on the outlet 

process temperature, Tpo, sorted from most to least influential, were: regeneration inlet air 

temperature, Tri, process inlet air temperature, Tpi, inlet regeneration humidity ratio, ωri, and 

inlet process humidity ration, ωpi, as a result of the parameter P-value. Regarding outlet process 

humidity ratio, ωpo, the most influential variables, sorted from most to least influential, were: 

inlet process humidity ratio, ωpi, inlet regeneration humidity ratio, ωri, inlet regeneration air 

temperature, Tri, and inlet process air temperature, Tpi, as a result of the parameter P-value. This 

suggested that, if extremely dry process air outlet conditions were necessary, the inlet 

regeneration humidity ratio, ωri, should not be very high, and if low temperature air outlet 

conditions were necessary, the regeneration temperature, Tri, should not be high. 

The results for the case study 2 showed that the temperature, humidity ratio and specific mass 

airflow rate of the process air and regeneration air were influential to the output variables. This 

indicated that, if the moisture loading of the desiccant increased, it would be important to keep 
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the process and regeneration airflow in proportion to the moisture load being absorbed by the 

desiccant on the process air side. However, to achieve greater dehumidification, the specific 

mass airflow rates were less influential than the inlet process and regeneration air temperatures 

and humidity ratios, according to the parameter P-value. 

 

Table 8. Effects of input variables on output variables of the DW. 

  Case study 1 

  Tpo  ωpo 

Effect 
 

Estimate 
Stnd. 

Error 
F-Ratio 

P-

value 
 Estimate 

Stnd. 

Error 
F-Ratio 

P-

value 

Average  29.96 0.12    14.21 0.05   

Tpi  4.05 0.28 594.24 0.0017  -0.69 0.17 22.12 0.0450 

ωpi  1.44 0.23 38.74 0.0249  7.64 0.16 2326.64 0.0004 

Tri  6.87 0.12 997.45 0.0010  0.78 0.1 23.20 0.0405 

ωri  -1.81 0.12 198.85 0.0050  1.58 0.1 248.43 0.0040 

  Lack-of-fit P-value: 0.102  Lack-of-fit P-value: 0.097 

  Case study 2 

  Tpo  ωpo 

Effect 
 

Estimate 
Stnd. 

Error 
F-Ratio 

P-

value 
 Estimate 

Stnd. 

Error 
F-Ratio 

P-

value 

Average  31.33 0.04    14.64 0.04   

Tpi  4.53 0.08 4542.12 0.0002  -1.01 0.08 161.79 0.0061 

ωpi  1.96 0.07 1935.40 0.0006  7.64 0.07 11789.5 0.0001 

Tri  5.89 0.04 13011.2 0.0001  1.08 0.04 688.45 0.0014 

ωri  -2.01 0.04 2559.92 0.0004  1.88 0.04 2357.63 0.0004 

Ω  -1.45 0.04 744.94 0.0013  0.24 0.04 40.54 0.0238 

  Lack-of-fit P-value: 0.072  Lack-of-fit P-value: 0.102 

  Case study 3 

  Tpo  ωpo 

Effect 
 

Estimate 
Stnd. 

Error 
F-Ratio 

P-

value 
 Estimate 

Stnd. 

Error 
F-Ratio 

P-

value 

Average  29.47 0.07    14.97 0.07   

Tpi  2.99 0.49 203.35 0.0049  -1.51 0.19 99.48 0.0099 

ωpi  1.24 0.23 29.31 0.0325  3.75 0.10 1416.55 0.0007 

Tri  7.05 0.17 310.53 0.0032  1.98 0.12 170.63 0.0058 

ωri  -1.78 0.17 110.22 0.0090  2.36 0.12 417.13 0.0024 

  Lack-of-fit P-value: 0.085  Lack-of-fit P-value:0.099 

 

3.3 Experimental validation and comparison of the models 

Experimental data were compared with those obtained with the three models. Fig. 6 and Fig. 7 

show the correlation of measured and simulated values for outlet air process temperature and air 

process humidity ratio. It can be observed that the experimental outlet air process variables of 

the DW was well predicted by the first and second order models, with R2 greater than 97.4% for 
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outlet temperature and 95.1% for outlet humidity ratio for all 3 cases. The R2 coefficients for 

ωpo obtained were lower than the R2 coefficients for Tpo. 

 

 

Fig. 6. Measured and simulated values for outlet process air temperature. 
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Fig. 7. Measured and simulated values for outlet process air humidity ratio. 

 

The RMSE values and the maximum percentage deviation for the three models are presented in 

Table 9. The validation for case study 1 shows values within an acceptable level, with a number 

of design experimental tests of 19. The deviations and RMSE values were slightly higher in the 

case study 2 than in those obtained for case study 1. The slight loss of accuracy was caused by 

the increase of input variables. Finally, the case study 3 showed a slight improvement in 

accuracy, due to the additional inlet states to fit the model. 

Table 9. Results of the tests of validation. 

Model 
N (design 

exp. tests) 

Max |δT| 

[%] 

Max |δω| 

[%] 

RMSET 

[ºC] 

RMSEω 

[g kg-1] 

Case study 1 19 3.38 9.24 0.42 0.68 

Case study 2 35 3.59 9.65 0.56 0.69 

Case study 3 27 3.60 7.74 0.40 0.58 

 

Therefore, the use of DOE methodology allowed to generate models of DW with a minimum 

number of tests with minimal temperature and humidity ratio deviations, below 4% and 10%, 

respectively. RMSE values were studied for the effectiveness method based on constant values 

[20], with a number of design experimental test of 107 and regeneration temperature range of 

50-80°C. The RMSET values predicted with the effectiveness method were greater than those 

obtained with the DOE methodology. RMSEω values were in very good agreement with those 

achieved with DOE methodology [20]. 

 

3.4 Response surfaces for case study 3 

The main cross effects of the input variables on the output variables corresponding to the second 

order model, case study 3, are show in Fig. 8. It can be observed that Tpo increased as Tpi, ωpi 

and Tri increased. However, an increase of ωri caused the opposite effect. It was also observed 

that an increase of Tpi, ωpi and ωri, produced an increase of the value of ωpo. The opposite was 

true for variable Tri. Similar results were obtained in [3,29]. 
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Fig. 8. Trends of the main cross effects for the temperature and humidity ratio of the process 

outlet air-stream for the case 3. 

 

The response surfaces and contour line plots for outlet process temperature and outlet process 

humidity ratio were obtained from the second order model, corresponding to case study 3. Tpi 

and ωpi were considered variables and Tri and ωri were fixed at constant values of 40 °C and 15 g 

kg-1, respectively. The trends of the treated air by the DW were similar for different values of Tri 

and ωri, as shown in Fig. 9. It can be observed that Tpo increased as Tpi was increased, when ωpi 

remained constant. For example, an increase of approximately 1.5ºC for Tpi, yielded an increase 

of 1ºC for Tpo. However, ωpi exhibited a minimum variation of Tpo, representing low gradient, 

when Tpi remained constant, see Fig. 9a and b. Regarding ωpo, low values were achieved when 

the inlet air was near saturation, i.e. for low values of Tpi and ωpi. As ωpi was higher, the outlet 

air process humidity ratio, ωpo, increased when Tpi remained constant, see Fig. 9c and d. 

 

(a) Response surface for Tpo (b) Contour lines plot for Tpo 
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(c) Response surface for ωpo (d) Contour lines plot for ωpo 

 
 

Fig. 9. Response surfaces and contour line plots for case 3 when the input variables Tri and ωri 

remain constants. 

 

Fig. 10 shows the response surfaces and contour line plots for outlet process temperature and 

outlet process humidity ratio, when Tri and ωri were variables and Tpi and ωpi were fixed at 

constant values of 23.5 °C and 18.5 g kg-1, respectively. The trends of the treated air by the DW 

were similar for different values of Tpi and ωpi. Regarding Tpo, significant dependence on Tri was 

observed, since a portion of regeneration heat was transferred to the process stream. However, 

the influence was reduced as Tri decreased. Conversely, the influence of ωri on the output 

variable, Tpo was weak, see Fig. 10a and b. The effect on ωpo was quite predictable. An increase 

of Tri and a decrease of ωri resulted in a decrease of ωpo, see Fig. 10c and d. This effect was 

discussed in section 3.2. 
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 (a) Response surface for Tpo (b) Contour lines plot for Tpo 

 
 

(c) Response surface for ωpo (d) Contour lines plot for ωpo 

 
 

Fig. 10. Response surfaces and contour line plots for case 3 when the input variables Tpi and ωpi 

remain constants. 

 

4 CONCLUSIONS 

 

In this work, three different numerical models of a DW were fitted using a methodology based 

on the statistical technique of design of experiments, DOE. The three mathematical models can 

be used to predict the air process outlet temperature and air process outlet humidity ratio in the 

DW especially for low regeneration temperature activated systems. Two first order models, case 

studies 1 and 2, and one second order model, case study 3, were fitted using experimental data. 

These three models considered the influence of the air inlet temperature and air inlet humidity 

ratio of the process and regeneration air on the DW. The influence of the process and 

regeneration airflow rate was also considered in the first order model for case study 2. 
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Experimental tests were carried out to fit the mathematical models 1, 2 and 3, in the range of 

low regeneration temperatures. A low number of experimental tests, 19, 35 and 27 respectively, 

were required. 

The accuracy of the numerical results of the models has been found to be acceptable in all 

models, with maximum deviations below 4% for temperature and 10% humidity ratio. The 

second order model corresponding to case study 3 is considered the best option because of the 

balance between great accuracy of the model and low number of experimental tests. 

The methodology of DOE has also allowed the identification of the most influential 

psychrometric factors in the behaviour of a DW. The results show a significant influence on the 

inlet humidity ratio of the air process and the air regeneration to achieve greater 

dehumidification. 

The results suggested that the proposed approach was a valid methodology to study the global 

behaviour of a DW. It used a limited number of experimental tests and the simplified 

mathematical models obtained were suitable to be integrated in simulation tools. 
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