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Abstract: 

Museums are dedicated to protect their artwork collection and to display the collection as safely as possible. 

Amongst other things, the indoor climate is of utmost importance to minimize collection degradation. Many 

museums employ tight climate guidelines, allowing only small fluctuations of indoor temperature and relative 

humidity, resulting in the following problems: huge energy consumption, the need for high-capacity HVAC 

systems, additional stress on historical buildings. This simulation study investigates the energy-saving potential 

of different setpoint strategies. Damage functions were used to assess the degradation risk of the collection and 

an Adaptive Temperature Guideline was used to assess thermal comfort. A state-of-the-art museum in the 

Netherlands was modeled and the indoor climate and energy consumption were simulated, including heating, 

cooling, humidification and dehumidification. Maximum savings, compared to a reference situation, of 82 % 

may be achieved. However, the optimum strategy yields a saving of 77 %, significantly improves thermal 

comfort and decreases chemical degradation. 
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1 Introduction 

In the late 1980’s, museums in the Netherlands paid little attention to collection preservation. Therefore, the 

Ministry of Health and Culture launched the Deltaplan [1] in 1990 to initiate a paradigm shift by identifying 

areas for improvement, including indoor climate conditions. Consequently, museums installed Heating, 

Ventilation and Air Conditioning (HVAC) systems to control the indoor climate and provide a safer environment 

for the collection.  

No indoor climate specifications were defined in the Deltaplan. So, new guidelines [2] were developed and 

international guidelines [3] were adopted that allowed only small fluctuations of indoor temperature (T) and 

relative humidity (RH). This was completely in line with the international developments on museums’ indoor 

climates that are comprehensively reported by Brown and Rose [4]: “…, these figures (specifications) have not 

arisen from detailed research leading to a clear understanding of the effects of humidity on organic material, but 

are in fact codifications of pre-WWII customs and practice, modified by the practicality of indoor environmental 

control in specific climates.”. The climate guidelines developed, in an international setting, along with 

technology: not the collection, nor the building requirements, but the capability of the HVAC systems 

determined the level of conditioning. Consequently, the indoor climate was getting more and more strictly 

conditioned during the twentieth century.  

Another evolution may be described as  from flexible guidelines to prescriptive specifications. This is illustrated 

by the highly influential work of Thomson: the first edition [5] gave an excellent summary of the knowledge up 

to 1978, presenting climate specifications embodied in the text that provided useful information to facilitate 

museum staff to adapt the specifications to their specific needs;  the second edition [6] included an appendix 

summarizing the climate specifications in two pages, making it possible to consult these specifications without 

reading the book and not fully understanding the underlying knowledge. So, the specifications became more 

prescriptive, regardless whether they would make sense for a particular application [7]. 

Then, from the 1990’s the notion of risk management for preventive conservation was introduced [8–10]. Risk 

management enables museum staff  to arrive at case specific climate specifications that make sense from a multi-

disciplinary point of view (finance, building, objects, comfort). During the 2000’s, Ankersmit [11] applied a 

risk-analysis procedure for museums, revealing that the employed climate specifications were too strict in many 

cases: museums are often housed in historical buildings, requiring a huge amount of energy to meet the strict 

specifications due to large heat losses. So, energy efficient control of the indoor climate has become a concern 

for many museums. However, insulating from the outside is no option because of the historical facades, and 

insulating from the inside has been done in the past, but often resulted in condensation problems [12]: the warm 

humid air interacts with the cold envelope. Moreover, abrupt climate changes may occur in the case of system 

failures [13]. 

Martens [14] showed that the degradation risks of museum objects in old buildings with a simple installation 

often do not significantly differ from the risks in historical buildings equipped with modern HVAC systems. 

Besides, very vulnerable objects may be placed in display cases. The question arose if the strict indoor climates 

are always necessary. Moreover, it is known that a strict indoor climate in historical buildings, despite large 

HVAC systems, is very hard to maintain: Ferdyn-Grygierek [15] performed a measurement campaign in Poland 

and concluded that T varried from 17 °C to 28 °C and RH varied from 20 % to 75 % despite the full air 

conditioning. 

From 2005 energy efficiency in museums and historic buildings received more attention and from the year 2010 

the amount of publications increased significantly, e.g.: studies on HVAC system design [16–19]; an overview 

of energy efficient measures in two state-of-the-art museums in Germany [20]; energy efficiency among many 

museums in Europe [21] and specifically Italy [22]; energy savings by optimized control of components [23,24]; 

studies that show the opportunities and limitations of passive conditioning [25,26]; local conditioning [27–29]. 

Limited researches investigated the influence of changing the indoor climate setpoints on the energy 

consumption of museums. Ayres et al. [30] simulated a fictive modern constructed museum using different 



outdoor climates located in the USA, investigating the operating costs using different setpoints. They concluded 

that a RH setpoint of 50 % has the lowest energy consumption compared to 40 % or 60 %. The widening of the 

bandwidth of RH did not result in a significant reduction of the energy consumption.  In contrast, Mecklenburg 

[31] showed that increasing the RH tolerance from ±2 % to ±7 % reduces the energy costs by 55 % based on 

measurements that were obtained from nine museums of the Smithsonian Museum, all located on the West coast 

of the USA. However, museums that employ tight guidelines for RH, also employ tight guidelines for T. 

Therefore, the significant savings presented by Mecklenburg are only realistic if both T and RH are controlled 

less strictly.  Artigas [32] concluded that energy costs decrease exponentially with reduced level of control. 

Artigas’ research was performed on five museums in the USA. All buildings had different constructions and 

climate control systems. Also seasonal fluctuations resulted in savings. Ascione et al. [16] performed computer 

simulations to investigate the effect of setpoint strategies for four different system configurations in an exhibition 

room of a modern museum in Rome, Italy. T setpoints depending on the season (21 °C in winter, 23 °C in 

summer, instead of constantly 22 °C) resulted in savings of 6 % to 13 %. Allowing larger RH fluctuations, 50 % 

± 10 % instead of 50 % ± 2 %, resulted in savings of 40 %. Another study by Ascione et al. [33] shows that a 

lower winter setpoint for T, 20 °C instead of 22 °C, and a higher summer setpoint, 26 °C instead of 24 °C, results 

in savings of 20 % in winter, more than 40 % in the intermediate season and 11 % in summer. Results were 

obtained via computer simulations of a historical building located in Benevento, Italy. These researches show 

that studying setpoint strategies for museums is relevant since huge energy savings are possible. However, the 

results are very difficult to compare and are heavily depending on the type of HVAC system and system 

efficiencies. 

The aforementioned studies focused only on energy consumption, but this study assesses also the collection 

preservation quality and thermal comfort of the simulated indoor climates. A state-of-the-art museum that is 

housed in a renovated historical building located in the Netherlands, is modeled and simulated. The goal is to 

lower the energy consumption by using various setpoint strategies..  

The paper is organized as follows: Section 2 describes the methods, including a description of the case study 

building (2.1), data acquisition (2.2), the modeling (2.3), and how damage functions and the Adaptive 

Temperature Guideline are used to assess collection preservation and thermal comfort, respectively (2.4). 

Section 3 presents the results, Section 4 provides a discussion with conclusions and Section 5 presents 

recommendations for future work. 

2 Methodology 

2.1 The museum 

The case in this study is a state-of-the-art museum that is located in Amsterdam, the Netherlands. The museum is 

housed in a late 17
th

 century building. During the past centuries, many changes were made to the building, 

additional buildings were built and the layout was modified. Central heating was implemented in 1860. The 

building was substantially renovated in 1970 as it was transformed into a modern nursing home. The most recent 

renovation dates from the years 2007-2009 when the building was transformed into a state-of-the-art museum: 

the historical building envelope was conserved and insulated from the inside, floor heating was applied in the 

non-exhibition areas as the restaurant and foyer, an all-air HVAC system was installed that conditions the 

exhibition areas, an ATES (Aquifer Thermal Energy Storage) system was installed for heat and cold storage in 

the ground. 

Figure 1 shows the floor plan including two identical exhibition rooms with adjacent exhibition cabinets and 

their cross-section. The ceilings of the exhibition cabinets adjoin the technical areas on the second floor. The 

ceiling of the main exhibition hall contains a large glass area in the roof with interior sun blinds that are almost 

permanently closed. The exhibition rooms are conditioned by an all-air HVAC system. We refer to Maas [34] for 

a comprehensive description of building materials, floor plans and detailed drawings. The museum is opened for 

seven days per week and welcomes between 7,000 and 11,000 visitors per week.  



This study focusses on one of the two main exhibition rooms. The employed indoor climate specifications are 

shown in Table 1. The specifications for RH are tailored to different parts of the collection. Also the maximum 

hourly and daily fluctuations are provided for T. 

         

Figure 1. The floor plan of the first floor including the two identical exhibition rooms between the red dots [top] 

and their cross-section [bottom], showing the main exhibition room in the center with the adjacent exhibition 

cabinets. 

2.2 Data acquisition 

Measurement data of the outdoor climate, the indoor climate of the exhibition room and the AHU (Air Handling 

Unit) were acquired for the period 1 January 2011 to 1 January 2012. 

2.2.1 Outdoor climate data 

The outdoor T and RH were measured at the museum in Amsterdam (logging interval 16 min). Diffuse solar 

radiation [W/m
2
] and direct solar radiation [W/m

2
] were retrieved from the Royal Netherlands Meteorological 

Institute’s database [35] (logging interval 60 min). These data were measured by weather station ‘Schiphol 

Airport’, approximately 15 km southwest of the museum. For simulation of the setpoint strategies, climate year 

2003 was used (T, RH and solar irradiation acquired from Royal Netherlands Meteorological Institute’s 

database): the year 2011 was a very mild year without very cold or hot periods, but the year 2003 had a cold 

winter and a hot summer. Therefore, the year 2003 is more suitable to discriminate between different setpoint 

strategies. 

Table 1. The indoor climate specifications of T and RH. The specifications of RH are tailored for different parts 

of the collection. 

  

 max. fluctuation 

setpoint 
band-

width 
hourly daily 

T 
summer 21°C -3/+2°C 2°C 3°C 

winter 21°C -3/+2°C 2°C 3°C 

RH 

paintings, 

furniture 

wood 

55 % ± 5 % - - 

mixed 

collections 

45-50 

% 
± 5 % - - 

metal 

collections 

40-50 

% 
± 5 % - - 

  

 

 

 

    

 



2.2.2 Indoor climate data 

The exhibition room of interest is equipped with four sensors that are combined T and RH sensors, connected to 

the Building Management System (BMS): Hanwell Radiologger ML4106 with T accuracy of ± 0.2 °C and RH 

accuracy of ± 2 % . The logging interval of the indoor measurement data is 16 min. The four sensors are attached 

to the four walls of the exhibition room at a height of 2 m. The average of these four sensors is used as the indoor 

T and RH. The focus in this paper is on the average indoor room conditions, because the simulation software 

simulates average room conditions, one T and RH value per zone. 

2.2.3 Air Handling Unit data 

The exhibition area of interest is conditioned by one AHU that conditions the air by heating, cooling, 

dehumidification and humidification by an electrical humidifier, mixing-recirculation and filtering bacteria, 

spores, fungi, harmful gases and particles. CO2 measurements in the exhibition room are used to determine the 

required amount of fresh outdoor air. Data from measurement positions inside the AHU were extracted from the 

BMS: Supply air conditions (T and RH) and the volume flow of the supply air. The sensors in the AHU are 

Catec EE21 series with T accuracy of ± 0.2 °C and RH accuracy of ± 2 %. The interval of the AHU data is 16 

min. 

2.3 Modeling 

A multi-zone model was developed using HAMBASE [36,37], a Heat Air and Moisture modeling and simulation 

tool developed in the scientific programming environment MATLAB at the University of Technology 

Eindhoven. The model was used to simulate the indoor air T, RH and energy consumption for heating, cooling, 

humidifying and dehumidifying the multi-zone building. 

Note that appendix A provides extensive information on the HAMBase model, a comparison to an analytical 

solution, a comparison to other building simulation models and an experimental validation. Here, only a brief 

explanation is included. HAMBase includes for every zone an indoor model that is coupled to an envelope 

model. The thermal indoor model consists of two coupled equations: the heat balance of the air temperature Ta, 

and the heat balance of the resultant temperature Tx. The latter is a combination of air and radiant temperature 

and may be interpreted as the temperature as experienced by the walls. The hygric indoor model takes the 

moisture storage in the air and moisture storage in furniture into account. The heat and vapor flows into the walls 

are calculated by the envelope models that are connected to the indoor models. The thermal and hygric envelope 

models are second order models (both have two capacitances). Vapor transfer through a wall is negligible 

compared to the vapor transfer by ventilation, so only the latter is taken into account. The moisture storage 

capacity of the walls is temperature dependent. However, the temperature dependency of the moisture storage is 

linearized. Because of this linearization, the hygric envelope model is accurate between 20 % and 80 % RH, but 

inaccuracy becomes significant towards 95 % RH, which occurs very rarely in a museum. The contribution of 

radiation is divided over the walls resulting in one area weighted average surface temperature.  

The model of the museum consists of nine zones: one main exhibition room and all adjacent rooms. The HVAC 

systems were deliberately excluded in the simulations to obtain the energy consumption, not the primary energy 

use. In this way, the energy performance of the different setpoint strategies is revealed, independently of the type 

of HVAC system and independenly of systems’ efficiencies. The measurement of the energy consumption is 

explained later. The art works that were exhibited during the measurement campaign included only paintings. 

So, the moisture capacity of the indoor model is predominantly determined by the moisture capacity of the air. 

The moisture capacity of the walls is taken into account by the envelope model. Hourly thermal gains and hourly 

moisture gains by visitors are assumed to be constant over time during the opening hours and were determined 

from the average number of visitors per week (2,700 for the exhibition considered in this study): 9 W/m
2
 for 

lighting and an average of 55 people in the exhibition room (100 W/person) during opening hours. 

Furthermore,the ventilation air to the exhibition room (16,000 m
3
/h) consists on average of 10 % fresh air and 90 



% recirculation. The percentage of fresh outdoor air is automatically controlled based on CO2 measurements. 

The average value of 10% is used in the model  

The indoor climate of the museum is strictly conditioned at 21 °C and 48 % yielding straight lines in the time 

domain. So, the model can’t be validated by comparing the indoor T and RH to measurements, because the 

building dynamics are not reflected by the indoor climate conditions. Therefore, the supply air T and RH, used to 

control the indoor climate conditions, are used for validation of the building model. Figure 2 (left) shows the 

cumulative distribution plot of the errors (error = simulated – measured). It shows that approximately 90 % of 

the time, the RHerror is between -4 % and 4 %, and the Terror is approximately 98 % of the time between -0.5 °C 

and 2 °C. Figure 2 also shows the supply air conditions on 16 June 2011 for RH (middle) and T (right): The 

simulation results reflect the overall dynamics well, but there are some deviations. The simulation result is 

particularly accurate during the closing hours, but some deviations occur during opening hours. These deviations 

are probably caused by the fluctuating amount of visitors during the day.   

 

Figure 2. The cumulative distribution plot of the errors of supply air T and RH (left), and time plots of the supply 

air conditions on 16 June 2011, RH (middle) and T (right).  

Also the simulated energy consumption was compared to the actual energy consumption, which was calculated 

from measurements of supply air conditions (T and RH), indoor conditions of the exhibition room (T and RH) 

and the air volume flow of the supply air [m
3
/s] according to, 

   ∫(            )   ̇         (1) 

in which H is the total enthalpy [kJ] (integral over time), h is the specific enthalpy [kJ/kg], Vair is the flow rate 

[m
3
/s], ρair is the air density (1.2 kg/m

3
 at 20°C), with h as, 

           (         ) (2) 

in which Cpa is the specific heat capacity of dry air (1.006 kJ/kgK), T is the air temperature, x is the specific 

moisture content [kg/kg], Cpw is the specific heat capacity of water vapor at constant pressure (1,84 kJ/kgK), hwe 

is the specific evaporation energy of water (2501 kJ/kg). 

The simulated energy consumption for heating, cooling, humidification and dehumidification is compared to the 

actual  energy consumption, see Table 2. The deviations are probably caused by averaging the amount of visitors 

during the day and using the average percentage of fresh outdoor air. 

  



Table 2. The simulated energy demands (Esim) for heating, cooling, humidification and dehumidification are 

compared to the actual energy demands (Eactual). The relative errors between these two are expressed by ɛ. 

 
Esim 

[MWh] 

Eactual 

[MWh] 

∆E 

[MWh] 

ɛ 

[%] 

heating 63.21 62.27 0.94 2 

cooling 23.96 23.92 0.04 0 

humidification 12.57 13.84 -1.27 -9 

dehumidification 14.26 15.50 -1.24 -8 

total 114.0 115.5 -1.5 -1 

2.4 Damage functions and thermal comfort 

To assess if the indoor climate is safe for the collection, the specific climate risk assessment method of Martens 

[14] is used. The method focuses on the indoor climate as it is experienced by four typical objects, instead of 

analyzing the indoor T and RH data directly. To obtain the climate as it is experienced by the object, the 

response is approximated using a first-order filter according to, 

              
       

           
         

 (   )⁄
 (3) 

in which              denotes the object’s response to the climate around the object calculated from data points 

           , using the response factor a calculated according to, 

       
     

          (4) 

in which a is the response factor,    is the time interval between two successive data points and            is the 

response time. The adapted response times are presented in Table 3. These are only valid for undamaged objects, 

e.g. cracks significantly decrease the response time. Furthermore, response times are only used for RH. For T, 

response times are very short, so T changes are assumed to be instantaneous [38].  

Table 3. Adopted response times for the four typical objects used in the specific climate risk assessment method 

[14]. 

Object Relevant response Response time Ref. 

Paper Full resp. of single sheet minutes [39] 

Panel painting 
Surface resp. under oil paint 

Full resp. of entire panel 

4.3 days 

26 days 

[40] 

[40] 

Lacquer box Full resp. of entire box 40 days [41] 

Wooden sculpture 
Surface resp. 

Sub-surface resp. causing max. stresses 

10 hours 

15 days 

[40] 

[42] 

 

The specific climate risk assessment method assesses three degradation phenomena: biological degradation 

(mold), chemical degradation using the Lifetime Multiplier (LM), and mechanical degradation. Table 4 shows 

some details on how the degradation risks are determined for the four objects.  

Table 4. Four degradation phenomena are assessed for four typical objects: biological degradation is based on 

Sedlbauer’s theory [43], chemical degradation is based on the Lifetime Multiplier [44] with Ea denoting the 

activation energy, mechanical degradation of the base layer is based on the theories of Mecklenburg [31], 

Bratasz [41] and Jakiela [38], and mechanical degradation of the pictorial layer is based on Bratasz’ theory [45]. 



Table 3. Four degradation phenomena are assessed for four typical objects: biological degradation is based on 

Sedlbauer’s theory [32], chemical degradation is based on the Lifetime Multiplier [20] with Ea denoting the 

activation energy, mechanical degradation of the base layer is based on the theories of Mecklenburg [10], 

Bratasz [30] and Jakiela [18], and mechanical degradation of the pictorial layer is based on Bratasz’ theory 

[33]. 

 Degradation principle 

 
biological: 

mould growth 

chemical: 

lifetime multiplier 

mechanical: 

base material 

mechanical: 

pictorial layer 

book Sedlbauer Ea = 100 kJ/mol   

panel painting Sedlbauer Ea = 70 kJ/mol yield point: Mecklenburg gesso on wood: Bratasz 

furniture Sedlbauer Ea = 70 kJ/mol wood & lacquer: Bratasz  

wooden sculpture Sedlbauer Ea = 70 kJ/mol yield point: Jakiela  

 

Thermal comfort is evaluated using the Adaptive Thermal Guideline of van der Linden et. al [46]. This guideline 

takes the adaptive behavior of humans into account: the comfort limits are dependent on the running mean 

outdoor temperature of the current day and preceding three days, see Figure 3. According to the guideline, the 

museum is classified as type ‘beta’, in which people cannot control the indoor climate personally. Class 80 % 

was used, i.e. 80 % of the people are satisfied if the climate fits into the 80 % class’ comfort limits. Thermal 

discomfort is quantified by summing the hours that this comfort class is exceeded, only during opening hours (10 

h to 17 h). The used comfort guideline is specifically valid for offices, but is used in this study for a museum 

since comfort guidelines specifically designed for museums are lacking. In general, people stay much longer in 

offices than museums, so the guideline’s comfort limits may be stricter than necessary. 

 

Figure 3. The Adaptive Temperature Guideline’s comfort classes: 90%, 80% and 65% acceptance limits. 

3 Results 

One of the exhibition rooms of the museum was simulated using different setpoint strategies for T and RH to 

investigate the effect on the energy consumption while pursuing a safe indoor climate for the collection and a 

comfortable indoor climate for visitors and staff. Energy savings were calculated by comparing different setpoint 

strategies to the reference situation. The variants are numbered from 1 to 16. Section 3.1 deals with the reference 

situation, section 3.2 with the setpoint strategies for T (RH is controlled as in the reference situation) and section 

3.3 with the setpoint strategies for RH (T is controlled using the best strategy resulting from section 3.2). 



3.1 Reference situation 

The reference situation comprises simulating the museum’s exhibition room, with constant setpoints based on 

the guidelines (Table 1, mixed collection) without permissible fluctuations: 21 °C for T and 48 % for RH, all 

year round, 24 h/day. The used Air Change Rate (ACR) is 7.5 h
-1

, with 90 % recirculation. So, the ACR of 

outdoor air is 0.75 h
-1

. Table 5 shows the results: maintaining a steady indoor climate all year round, provides a 

safe environment for the collection, although chemical degradation is stimulated by the fairly high T and RH. 

Thermal comfort is unacceptable according to the ATG: the indoor climate is too cold during most of the 

opening hours, see Figure 4. 

Table 5. The museum’s exhibition room was simulated using ten strategies for T setpoints. The energy demand 

includes heating, cooling and (de)humidification. Collection preservation is assessed, visualized using the colors 

green (no risk), orange (moderate risk) and red (high risk), for these degradation phenomena: biological (mould), 

chemical (LM) and mechanical [14]. Thermal comfort is based on the Adaptive Temperature Guideline [46] and 

expressed in hours discomfort. 

 

3.2 Setpoint strategies for T 

This section deals with finding appropriate T setpoint strategies. Firstly, constant setpoints are assessed. 

Secondly, setpoints based on the dynamics of the outdoor climate are assessed. Thirdly, the chosen setpoint 

strategy is used during opening hours, and during closing hours night setback strategies are assessed. 

3.2.1 Constant T setpoint 

As the reference situation revealed, the indoor climate is too cold for many hours. For museums, thermal comfort 

is restricted to T, since RH is already maintained in an acceptable range due to collection requirements. Three 

setpoint strategies are simulated, varying T and keeping RH at 48 %: (2.) constantly 22 °C, (3.) constantly 23 °C, 

(4.) only a lower limit of 22 °C (no cooling). Table 5 shows the results. 

Strategy 2 shows that increasing T to 22 °C significantly improves thermal comfort, since most undercooling 

hours are eliminated. However, this additional 1 °C increases the energy consumption by 16 %. Also, the LM 

decreases even more to 0.8 indicating increased chemical degradation. Strategy 3 shows that an increase of 2 °C 

indeed makes things worse for collection and energy consumption, but discomfort hours are lowered. Strategy 4 

reveals that the museum’s exhibition room can cope without any cooling. Thermal comfort is improved to only 7 

discomfort hours, see also Figure 4. The main conclusions from this section is that cooling is not needed in the 

exhibition room with respect to temperature, see Figure 4, and that the fluctuation of T in the summer period 

does not have a negative impact on the collection. However, the LM is quite low due to high temperatures. 

3.2.2 T setpoint based on T outdoor 

The constant setpoint strategies 2, 3 and 4 showed that thermal comfort can be improved significantly, but with 

increased energy consumption. In this section, the RH setpoints are kept constant at 48 % and the T setpoints 

vary with the outdoor T. Four strategies are simulated: (5.) a sine wave is used for T setpoints with an average of 

21 °C and amplitude of 1 °C, (6.) a sine wave with average of 22 °C and amplitude of 2 °C, (7.)  a sine wave 

with average 21.5 °C and amplitude 1 °C, and (8.) T setpoints based on the Running Mean Outdoor Temperature 

(RMOT) of the last three days, i.e. the setpoints for T are directly based on the lower limit in the ATG graph. 

Table 5 shows the results. 

Strategy 5 shows that T-setpoints based on a sine wave improve thermal comfort and save energy compared to 

the reference situation. However, significant improvement of thermal comfort results again in increased energy 

consumption (strategy 7). Making T dependent on Toutdoor using a sine wave is much more in accordance with the 

theory of adaptivity (ATG), see Figure 4. The best results were achieved by applying the lower limit of ATG 



directly to determine T-setpoints, see Figure 4. This strategy maximizes thermal comfort with a minimum 

requirement of energy to do so (-9 %). 

3.2.3 Tsetpoint based on RMOT and night setback 

The best T setpoint strategy yet is based on the RMOT (strategy 8), since it provides both enhanced thermal 

comfort and energy conservation. This strategy is only determined by the thermal comfort guideline ATG. 

However, since thermal comfort is only necessary during opening hours, the closing hours give rise to 

possibilities for another strategy. Therefore, two strategies were assessed: (9.) applying 100 % recirculation 

during closing hours, i.e. no air exchange with the outdoor environment and T is based on the RMOT; (10.)  

applying 100 % recirculation during closing hours and letting T free floating (FF), i.e. no heating and cooling. In 

the latter strategy, the recirculation ensures that the cooling down process is dampened by the building’s thermal 

mass, limiting daily T fluctuations. The RH was maintained at 48 % and strategy 8 is used during opening hours. 

Table 5 shows the results. 

The application of 100 % recirculation during closing hours significantly decreases the energy consumption by 

65 % compared to the reference situation. Strategy 10 combines the recirculation with free floating of T during 

closing hours. Due to the recirculation, the cooling down is limited resulting in a safe indoor climate for the 

collection. Collection preservation is even improved with respect to chemical degradation: allowing a lower T 

during closing hours is beneficial as indicated by the increased LM. Thermal comfort is guaranteed by turning on 

the heating system one hour before the opening of the museum at 9 h. 

The main conclusions of this section are: T setpoints are predominantly determined by thermal comfort 

requirements; thermal comfort is only required during opening hours, making it possible to let T be free floating 

combined with 100 % recirculation during closing hours, resulting in huge savings and improved collection 

preservation with respect to chemical degradation. 

Table 4. The museum’s exhibition room was simulated using ten strategies for T setpoints. The energy demand 

includes heating, cooling and (de)humidification. Collection preservation is assessed, visualized using the colors 

green (no risk), orange (moderate risk) and red (high risk), for these degradation phenomena: biological 

(mould), chemical (LM) and mechanical [8]. Thermal comfort is based on the Adaptive Temperature Guideline 

[19] and expressed in hours discomfort. 

 setpoint energy risk assessment  

 

T  

[°C] 

RH 

[%] 

total 

[MWh] 

vs. ref. 

[%] mould LM 

base 

layer 

pictorial 

layer 

discom-

fort 

1. ref 21 48 146 0  0.92   812 h 

2. 22 48 169 +16  0.80   63 h 

3. 23 48 190 +30  0.69   28 h 

4. 22 - ∞ 48 168 +15  0.80   7 h 

5. sine 20/22 48 142 -3  0.91   299 h 

6. sine 19/23 48 139 -5  0.90   997 h 

7. sine 20.5/22.5 48 153 +5  0.85   0 h 

8. RMOT ~ 48 133 -9  0.96   0 h 

9. 100% rec. RMOT 48 51 -65  0.96   0 h 

10. setback RMOT/FF 48 39 -74  1.10   0 h 

 

 

 



 

Figure 4. Thermal comfort assessment: reference situation (top left), T is maintained at 21°C and RH at 48%; 

strategy 4 (top right), T is maintained using a heating setpoint of 22°C and no cooling; strategy 7 (bottom left), 

T-setpoints are based on a sine wave with average 21.5°C and amplitude 1°C; strategy 8 (bottom right), T-

setpoints are based on the RMOT. 

3.3 Setpoint strategies for RH 

Setpoint strategy 10 is used for T in this section: the heating setpoint for T is based on the RMOT without a 

setpoint for cooling during opening hours, and T is free floating combined with 100 % recirculation during 

closing hours. 

For RH, six setpoint strategies were simulated: (11.) RH completely free floating (FF), revealing the 

performance bound regarding energy savings, the hygric dampening capability of the building and the impact on 

the collection; (12.) RH maintained between 30 % and 70 %; (13.) RH maintained between 40 % and 60 %; (14.) 

RH maintained between 45 % and 55 %; (15.) RH maintained between 40 % and 50 %; (16.) RH maintained 

between two sine waves for which the minimum is determined by a sine wave with average 40 and the maximum 

is determined by a sine wave with average 50, both with amplitudes of 5 %. This strategy adapts the RH limits to 

the changing outdoor climate, illustrated in Figure 5, and is used by several museums as it is considered to be 

superior compared to constant setpoints. Table 6 shows the results. 

Table 6. The museum’s exhibition room was simulated using six strategies for RH setpoints. The energy demand 

includes heating, cooling and (de)humidification. Collection preservation is assessed, visualized using the colors 

green (no risk), orange (moderate risk) and red (high risk), for these degradation phenomena: biological (mould), 

chemical (LM) and mechanical [14]. Strategy 10 is used for T, so there are no discomfort hours. 

Strategy 11 shows, as expected, that free floating RH is harmful to the collection: all objects are affected by all 

mechanisms of deterioration. So, the specific climate risk assessment method identified the risks for collection 

due to improper indoor RH. This strategy also shows that the performance bound is 84 %.  The goal is to find a  



 

Figure 5. Lower and upper limits for RH of strategy 16. 

 

Figure 6. RH strategies’ energy for (de)humidification. 

strategy for RH that approaches this 84 % as closely as possible while providing a safe indoor climate for the 

collection. 

Strategy 12 shows that maintaining indoor RH between 30 % and 70 % provides already a safe indoor 

environment regarding mold growth and mechanical degradation. Chemical degradation is still too high, but 

chemically unstable artifacts can be moved to display cases in which a safe microclimate can be achieved. The 

energy saving is 82 % which is very close to the performance bound. 

The results show that adopting tighter requirements, 50 ± 20 % (strategy 12), 50 ± 10 % (strategy 13), 50 ± 5 % 

(strategy 14),  provides a safer environment for the collection regarding chemical degradation. This is 

specifically due to lowering the upper limit for RH, since moisture catalyzes chemical degradation [44]. 

However, tighter requirements result in a higher energy consumption, see Figure 6 for a specification of 

humidification and dehumidification energy. Notice that even with the tightest requirements of 50 ± 5 % 

(strategy 14) the energy need for humidification is negligible in the exhibition room. 

Strategy 15 shows that applying a bandwidth of ± 5 % RH around 45 % instead of 50 %  improves collection 

preservation regarding chemical degradation. Again, this is due to lowering the upper limit, and as can be seen in 

Table 6, this is accompanied by an increased energy consumption. Moreover, comparing strategy 15 to strategy 

16 reveals that it is most logical to seek for an RH setpoint strategy with fixed limits, instead of limits that 

depend on the outdoor RH, i.e. seasonal adaptation, since this has no added value for collection preservation.  

Besides assessing the strategies 12 to 16 using the specific climate risk assessment method, the general climate 

risk assessment method using the ASHRAE classes [3] was applied. These ASHRAE classes are currently 

widely used in museums. The classes range from AA, a very strictly conditioned indoor climate, to D, which 

only applies an upper limit for RH. The general climate risk assessment method consists of calculating the 



percentage of time that the indoor climate fits into the classes [14], while the specific climate risk assessment 

accounts for how the objects react to the indoor climate, see section 2.4.  

Table 7 presents the results. Classes C and D are omitted because all strategies fit 100 % into these classes. The 

method is only applied for strategies 12 to 16, because these include both T and RH strategies. 

Table 7. The simulated strategies 12-16 are assessed according to the ASHRAE climate classes [3]. The 

performance of the strategies is expressed by the percentage of time that the indoor climate fits into a climate 

class. ASHRAE classes C and D are left out because all strategies scored 100 %. 

The results show that strategy 15 fits best: even class AA is reached 93 % and class A 98.2 % of the time, despite 

T setback during closing hours. So, strategy 15 performs very well regarding collection preservation, regarding 

both specific and general methods, while saving 77 % of energy compared to the reference situation. 

Strategy 12 is definitely interesting to consider, because of the high energy saving potential and simple HVAC 

systems required, if it is possible to place vulnerable objects in display cases. According to the specific climate 

risk assessment method, the collection is safe except regarding chemical degradation, while the strategy provides 

82 % energy conservation compared to the reference situation.   

Table 5. The museum’s exhibition room was simulated using six strategies for RH setpoints. The energy demand 

includes heating, cooling and (de)humidification. Collection preservation is assessed, visualized using the colors 

green (no risk), orange (moderate risk) and red (high risk), for these degradation phenomena: biological 

(mould), chemical (LM) and mechanical [8]. Strategy 10 is used for T, so there are no discomfort hours. 

 setpoint energy risk assessment 

 

T 

[°C] 

RH 

[%] 

total 

[MWh] 

vs. ref. 

[%] mould LM 

base 

layer 

pictorial 

layer 

11. strat.10 FF 24 -84  0.70   

12. strat.10 30-70 26 -82  0.78   

13. strat.10 40-60 29 -80  0.88   

14. strat.10 45-55 31 -79  0.95   

15. strat.10 40-50 33 -77  1.06   

16. strat.10 sine 40/50±5 33 -78  1.05   

 

Table 6. The simulated strategies 12-16 are assessed according to the ASHRAE climate classes [3]. The 

performance of the strategies is expressed by the percentage of time that the indoor climate fits into a climate 

class. ASHRAE classes C and D are left out because all strategies scored 100 %. 

Strategy AA [%] As [%] A [%] B [%] 

12. 32.5 64.4 84.5 90.6 

13. 83.5 78.8 92.0 97.0 

14. 90.7 90.9 98.2 100 

15. 93.0 93.4 98.2 100 

16. 72.7 94.3 96.9 100 

 



3.4 Parameter sensitivity analysis 

This study concerns a case study of a state-of-the-art museum in the Netherlands. To enhance the general 

applicability of the results, a parameter sensitivity analysis was performed: Table 8 shows the seven variants in 

which the overall heat loss, thermal capacity, moisture buffering and percentage recirculation air are changed to 

realistic minimum and maximum values. The adapted components, the measures and the resulting parameters are 

given. The resulting parameters show that the minimum and maximum variants differ significantly from each 

other. The original model, which includes the exhibition room as it is, already includes a heavy concrete floor 

finished with wood and is surrounded by internal walls including a brick layer, a cavity and boards finished with 

chalk plaster. In the minimum thermal capacity variant the concrete floor is removed and replaced by a light 

weight wood structure, and the brick layer in the internal walls is removed. In the maximum capacity variant, the 

concrete floor and brick layer are directly exposed to the indoor environment by removing the wooden floor and 

air cavity in the walls (plaster layer applied directly to the brick wall). The variant ‘max. moisture buffering’ 

comprises the original walls and an additional plaster layer of gypsum on the walls: gypsum has a very low µ 

value (the dimensionless diffusion resistance factor), so moisture diffuses easily into the wall, and a high ξ value, 

the specific moisture capacity related to RH. The variant ‘min. moisture buffering’ comprises the original walls 

and an additional layer of sheet metal, which has a very high µ value, preventing vapor diffusion into the wall. 

The air change rate in museums is usually very high to guarantee good mixing and provide enough power for the 

all air system. The ACR of the studied exhibition room is 7.5 h
-1

, consisting at most of 10 % fresh outdoor air 

and at least of 90 % recirculation air. The exact percentage is CO2-controlled. However, a constant percentage of 

10 % fresh air is assumed in this simulation study. The seventh variant ‘minimum ventilation’ represents a 

museum that welcomes half of the amount of visitors and therefore being able to employ a percentage of 95 % 

recirculation air. 

Figure 7 shows the results. The energy consumptions for the simulated variants and setpoint strategies are shown 

left and the resulting percentages of energy conservation, with the spread showing the influence of the museum 

type, are shown right. From the tested variants, changing the percentage of fresh outdoor air has the largest 

impact, followed by changing the overall heat loss, the thermal capacity and moisture buffering. The maximum 

difference between the variants ranges from 5.4 % (strategy 12) to 6.6 % (strategy 10). The most important 

outcome of the parameter sensitivity analysis is that the results of the setpoint strategies are valid for a variety of 

building types: the offset between the original model and the various building types is almost the same for the 

setpoint strategies, which results in the same discrimination between the setpoint strategies, i.e. strategy 13 saves 

more energy than strategy 14 for all simulated building types. 

Table 7. The parameter sensitivity study includes seven variants in which the overall heat loss, thermal capacity, 

moisture buffering and percentage of recirculation air are changed to realistic minimum and maximum values. 

The adapted components, the measures and the resulting parameters are given. 

 component measure resulting parameter 

Min. heat loss roof glazing triple glazing U: 1.80 → 1.00 W/m2K 

 opaque roof add 20cm insulation U: 0.36 → 0.19 W/m2K 

Max. heat loss roof glazing single glazing U: 1.80 → 3.00 W/m2K 

 opaque roof no insulation U: 0.36 → 3.23 W/m2K 

Min. thermal capacity walls remove brick layer C: 504 → 223 kJ/m2K 

 floor thin concrete floor (5cm) C: 487 → 232 kJ/m2K 

Max. thermal capacity walls remove cavity  C: 504 → 496 kJ/m2K 

(expose concrete) floor remove wooden floor C: 487 → 456 kJ/m2K 

Min. moisture buffering walls & floor add vapor barrier µ: 14 → 2e4 

Max. moisture buffering walls apply 3 cm gypsum plaster µ: 14 → 6; ξ: 3.5 → 20 kg/m3 

Min. ventilation ventilation recirculation 90 % → 95 % ACH fresh air 0.75 → 0.357  



 

Figure 7. The energy demands for the original situation and the seven variants are shown, for the setpoint 

strategies 1 (reference), 10, 12, 13 and 14 (left). The percentage of energy conservation and the influence of the 

building type is shown (right). 

4 Discussion and conclusions 

This study has shown how different setpoint strategies for indoor T and RH may lead to energy savings in a 

museum that is housed in a well-insulated renovated historical building. The specific climate risk assessment 

method was used to assess the preservation quality of the resulting indoor climates and the Adaptive 

Temperature Guideline of van der Linden et al. [46], based on ASHRAE Standard 55 [47], was used to assess 

thermal comfort.  

The strategies were assessed cumulatively: first T-setpoints (used all hours of the day) were investigated, then 

the best strategy was used for the opening hours and other strategies were assessed for the closing hours. 

Subsequently, the best T-setpoint strategies for opening and closing hours were used, while investigating RH-

setpoint strategies. This structured method limited the amount of strategies and revealed interesting aspects, e.g. 

the dominant role of comfort limits during opening hours and the possibility of free floating temperature during 

closing hours.  

The parameter sensitivity study showed that the setpoint strategies’ absolute energy consumption is influenced 

by the building type, but the relative savings (energy consumption compared to the reference situation) are far 

less influenced by the type of building (maximum difference of 6.6 % between the building types), showing that 

the results may be safely used as indication for museums housed in other type of buildings too. However, 

Balaras [48] showed that proper use of thermal mass can increase indoor comfort level and reduce peak load in 

regions with large diurnal temperature swings; Bojic and Loveday [49] showed that 

insulation/masonry/insulation structure provided better thermal behavior for intermittent heating, while 

masonry/insulation/masonry structure was better for intermittent cooling and for continuous cooling, the slab 

structure did not matter. The latter is supported by the parameter sensitivity analysis: thermal and hygric capacity 

have no effect in the reference situation, because the indoor climate is kept very constant. However, the energy 

saving effect of night setback is larger if thermal insulation is applied inside [50], i.e. less effect of thermal mass, 

which is also supported by the parameter sensitivity analysis: the variant with low thermal capacity yielded 

higher savings than the variant with large thermal capacity. 

The applied specific climate risk assessment needs to be expanded to include more objects besides the included 

four reference objects [14]. Moreover, the method should take into account the effect of damage, e.g. cracks, on 



the object’s response to the indoor climate. Also, the method can be made more sophisticated by taking into 

account the effect of changing material properties, e.g. hygroscopic curves, to calculate stresses in materials and 

predict damage. Nevertheless, it is a powerful tool in combination with building simulations to assess the 

collection risks. 

The results showed that T setpoints are predominantly determined by the comfort guidelines during opening 

hours. Adaptive Temperature Guidelines should be developed specifically for different museum buildings (recall 

that the ATG originates from offices). Less strict comfort guidelines, compared to the guidelines employed for 

office spaces, give new opportunities for energy conservation [51]. Taking the effect of visitors’ expectation into 

account may lead to less strict comfort guidelines [52,53]: visitors have lower expectations with respect to 

comfort when entering a historical building, compared to  entering a modern air-conditioned building. 

Limited researches investigated the influence of setpoint optimization on the energy consumption of museums 

[16,30–33]. The main difference between this study and aforementioned studies is that the effect of HVAC 

systems was excluded in this study, whereas the HVAC systems were included in the other studies, which make 

those results very hard to compare, due to the effect of system efficiencies. The effect of HVAC systems was 

excluded to explicitly show the effect of the setpoint strategies on the energy consumption. Minimizing the 

building’s energy consumption is the first step towards energy efficient operation of museums, in accordance 

with the theory of Trias Energetica [54].   

The main conclusions are: (i) T requirements are predominantly determined by thermal comfort and RH 

requirements are predominantly determined by the collection; (ii) letting T free floating during closing hours 

combined with 100 % recirculation saves the most energy and is not harmful for the collection in this case study; 

(iii) T-setpoints should depend on the outdoor climate, while it is sufficient for the collection to maintain RH 

between  fixed limits all year round (However, it may be necessary to apply seasonal changes to the RH limits to 

prevent condensation risks in old uninsulated buildings); (iv) compared to the reference situation, it is possible to 

decrease the energy consumption by 77 % while significantly improving thermal comfort and improving 

collection preservation (strategy 15). 

5 Future work 

More research is needed for: (i) new comfort guidelines specifically for museums, taking into account the 

adaptability of people and expectations towards the type of building; (ii) assessing the influence of the setpoint 

strategies’ effect on historical buildings, besides the effect on preservation quality and thermal comfort; (iii) 

expanding the specific climate risk assessment method to include more objects; (iv) taking into account the 

hourly number of visitors, CO2 concentration and variable amount of fresh outdoor air. 
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Appendix 

A.1 HAMbase model 

The building model originates from the thermal indoor climate model ELAN which was already published in 

1988 [55]. Separately, a model for simulating the indoor air humidity (AHUM) was developed. In 1992 the two 

models were combined (WAVO) and programmed in the MATLAB environment [56].  Since that time, the 

model has constantly been improved using newest techniques provided by recent MATLAB versions. Currently, 

the hourly-based model is named HAMBase (2009): it is capable of simulating the indoor temperature, the 

indoor air humidity and energy use for heating and cooling of a multi-zone building. The model may be 

categorized as a lumped capacitance model [57]. The physics are extensively described by de Wit [36]. The main 

modelling considerations are summarized in this section. The HAMBase model uses an integrated sphere 

approach, which reduces the radiant temperatures to one node. This has the advantage that complicated 

geometries can be modelled, yet achieving accurate results. Figure A.1 shows the thermal network, where Ta is 

the air temperature and Tx is a combination of air and radiant temperature. Tx is needed to calculate transmission 

heat losses with a combined surface coefficient. hr and hcv are the surface weighted mean surface heat transfer 

coefficients for convection and radiation. Φr and Φcv are the radiant and convective part of the total heat input 

consisting of heating or cooling, casual gains and solar gains.  

 

Figure A.1. The room radiative model as a thermal network. 

For each heat source a convection factor can be given between 0 and 1 by the user. For example, for air heating 

this factor is close to 1 and for radiative heat sources a factor ranging from 0.4 – 0.6 may be used. The factor for 

solar radiation depends on the window system and the amount of radiation falling on furniture. Ca is the heat 

capacity of the air. Lxa is a coupling coefficient [55]:  

             (  
   
  
) (A.1) 



∑Φab is the heat loss by air entering the zone with an air temperature Tb. At is the total area. In case of ventilation 

Tb is the outdoor air temperature. ∑Φxy is transmission heat loss through the envelope part y. For external 

envelope parts Ty is the sol-air temperature for the particular construction including the effect of atmospheric 

radiation. 

The admittance for a particular frequency can be represented by a network of a thermal resistance (1/Lx) and 

capacitance (Cx) because the phase shift of Yx can never be larger than π/2. To cover the relevant set of 

frequencies (period 1 h to 24 h), two parallel branches of such a network are used giving the correct admittance's 

for cyclic variations with a period of 24 h and of 1 h. For air from outside the room with temperature Tb a loss 

coefficient Lv is introduced. This model is summarized in Figure A.2.  

 

Figure A.2. The thermal ventilative model for one zone. 

 

In a similar way, a model for the air humidity is made. Only vapor transport is modelled, the hygroscopic curve 

is linearized between RH 20 % and 80 %. The vapor permeability is assumed to be constant. The main 

differences are: (i) there is only one room node (the vapor pressure); (ii) the moisture storage in walls and 

furniture, carpets etc. is dependent on the relative humidity and temperature.   

A.2 Validation of the thermal part 

The test described here was presented in the IEA Annex 41 [58]. For this test four cases were selected from the 

ASHRAE BESTEST. The BESTEST [59] is a set of well documented test cases for software-to-software 

comparisons and building simulation program diagnostics. Good results make it likely that there are no severe 

internal (programming) errors and that the assumptions made are justified.  

The selected cases were: (i) Case 600FF - lightweight structure, base case, free floating temperature; (ii) Case 

900FF - heavyweight structure, base case, free floating temperature; (iii) Case 600 - lightweight structure, base 

case, heating and cooling system; (iv) Case 900 - heavyweight structure, base case, heating and cooling system.  

The results are presented in Table A.1. The results of HAMBase fall mostly within the range given in the 

BESTEST document [59]. The peak loads and extreme temperatures appear at the same appropriate time (hour, 

day and month). This might be surprising as: (a) The distribution of solar radiation in the room is by the 

integrating sphere method and not by the BESTEST prescribed distribution; (b) The free-floating cases are 

sensitive for the interior surface coefficient for convection which is constant in HAMBase and also independent 

of the heat flow direction; (c) The exterior surface coefficient is the default HAMBase value and not the wind 

dependent coefficient of the BESTEST;  (d) The dependence of the glazing absorptance on the incident angle is 

not modeled (only the reflectivity). In conclusion, 11 results (85 %) fit within the required bandwidth, 2 results 

(15 %) lie outside the range.    

 

 



Table A.1. Comparison of the room model outcomes with some cases of the standard test. 

case simulated variable model result lower limit of test upper limit of test 

600ff mean indoor temperature [
o
C] 25.1 24.2 25.9 

600ff min. indoor temperature [
o
C] -17.9 -18.8 -15.6 

600ff max. indoor temperature [
o
C] 64 64.9 69.5 

900ff mean indoor temperature [
o
C] 25.1 24.5 25.9 

900ff min. indoor temperature [
o
C] -5.1 -6.4 -1.6 

900ff max. indoor temperature [
o
C] 43.5 41.8 44.8 

600 annual sensible heating [MWh] 4.9 4.3 5.7 

600 annual sensible cooling [MWh] 6.5 6.1 8.0 

600 peak heating [kW] 4.0 3.4 4.4 

600 peak sensible cooling [kW] 5.9 6.0 6.6 

900 annual sensible heating [MWh] 1.7 1.2 2.0 

900 annual sensible cooling [MWh] 2.6 2.1 3.4 

900 peak heating [kW] 3.5 2.9 3.9 

900 peak sensible cooling [kW] 3.4 2.9 3.8 

 

A.3 Validation of the hygric part 

 

In IEA Annex 41 [58] two cases were proposed for analytical solution and solution of the building model: (i) 

Case 0A - Isothermal exposure with vapor tight construction surfaces; (ii) Case 0B - Isothermal exposure with 

vapor open construction surfaces.  

The exact results of Bednar & Hagentoft [60] are compared with the numerical solutions of HAMBase (hourly 

time steps).  For Case 0A: The solution is close to the exact one and errors of less than 0.05 % are made in the 

HAMBase model. For Case 0B: In HAMBase a second order network is derived from the diffusion equations of 

the walls, so there is an approximation. HAMBase deviates from the exact solution by no more than 0.5 %.  

A test building in the framework of  IEA Annex 41 [58] was used for experimental validation. Measured data 

were obtained from two test rooms which are located at the outdoor testing site of the Fraunhofer-Institute of 

building physics in Holzkirchen (Germany). Geometry and construction of both rooms are identical. The front 

façade is oriented south. The back wall, the walls separating the test rooms and the roof may be considered to be 

adiabatic. One room (the reference room) is plastered with a commonly used gypsum plaster and in the other 

room (the test room) the walls and ceiling are covered with aluminum foil. The concrete floor is covered with 

linoleum and has a small influence on the air humidity. In the test room, hygroscopic material can be fixed on 

top of the aluminum foil at the walls and ceiling. The rooms were heated by electrical heating and controlled at 

20 ºC air temperature. The air change rate was determined with a blower door test to be 0.65 h
-1 

± 0.05 h
-1

. The 

moisture production was 2.45 kg/day: 25 g/h from 6 h to 8 h and 400 g/h from 16 h to 22 h. The measurements 

were carried out during a winter season. The measured data of the hourly mean indoor RH and the hourly mean 

total energy consumption (sum of heating and energy for evaporation) were obtained from IEA Annex 41 [58].  

In Figure A.3 the measured and simulated results of the reference room are presented. The results of the test 

room are similar and not shown. The hygroscopic plaster has an important influence on the amplitude of the 

variation. The simulation results agree well with the measurements (mean error less than 4 %). In the reference 

room the amplitude of the simulation is 10 % smaller. This was also concluded from the analytical test. The 



HAMBase network is damping 10 % more. Also the linearization of the sorption curve and the constant vapor 

permeability introduce some errors.   

A comparison of the simulated heat supply and the measured one is shown in Figure A.4. Differences can be 

expected by the infiltration, the one-dimensional approach of the heat flow through the construction, the 

variation of the indoor temperature and the model approximations. Nevertheless the mean difference between 

simulation and experiment equals 10 W and is less than 2 % of the measured mean heating power. 

 

Figure  A.3. The measured and simulated RH in the reference room. 

 

 
Figure A.4. The measured and simulated heating power [W] in the reference room. 

 

 


