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cooling, space heating, and especially from regeneration and humidification energy 

requirements.  

Results similar to those reported in figure 5.3.10 have been also obtained for the other 

HVAC systems examined (obviously, there is no regeneration energy cost). 

As regards the performance in terms of dynamic thermal-hygrometric control in the 

exhibition room, the percent cumulative frequencies of indoor T and RH hourly values, for the 

various HVAC systems examined, have been analyzed, and the relative performance index 

values (PI) have been obtained.  

 

 
Figure 5.3.10 - Energy costs for different components of the system with  

desiccant wheel on varying indoor RH ranges 

 

In this study, PIRH is intended as the percent period in which indoor RH design conditions 

are guaranteed [26].  

In figure 5.3.11 PIRH is reported, while PIT (i.e. the performance index related to the 

desired indoor temperatures) is not shown because an optimal dynamic T control is guaranteed 

by all the configurations analyzed.  

According to the literature indications, the relative humidity control (figure 5.3.11) is 

generally more critical for summer conditions, when cooling and dehumidifying are necessary, 

and the best performance is obtained by the system with desiccant wheel. Also the system with 

enthalpy wheel shows a good RH control, while the demand control ventilation strategy does 

not assure an optimal indoor control and stability of the indoor hygrometric rate. 

Moreover, the system with desiccant wheel presents the strictest relative humidity hourly 

excursion with respect to the set-point value and therefore the best performance relative to the 

humidity short-time fluctuations; anyway, these results are not reported in this chapter. 
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In order to know whether the energy conservation measures proposed are cost effective, a 

simple payback analysis has been also carried out. Thus, with reference to the base system 

(figure 5.3.4a), the energy cost savings have been evaluated, as well as the equipment extra-

costs, considering the Italian market.  

These data are reported in the following: 

 system with desiccant module (figure 5.3.4b): considering an extra-cost equal to 9800 € 

(a reduction of the cooling coil side for the desiccant system has been also considered) 

and yearly energy cost saving of about 1400 €, a payback of seven years has been 

obtained; 

 system with enthalpy wheel (figure 5.3.4c): considering an extra-cost equal to 4100 € (a 

reduction of the cooling coil side for the desiccant system has been also considered, 

even if lower compared to the desiccant system) and yearly energy cost saving of about 

1380 €, a payback of around three years has been obtained; 

 system with demand control ventilation (figure 5.3.4d): considering an extra-cost equal 

to 3000 € (no reduction of the cooling coil side occurs) and yearly energy cost saving of 

about 4000 €, a payback not exceeding one year has been obtained. 

The payback values obtained agree with those reported in the technical literature [27], 

[28] and [29]. 

 

 
Figure 5.3.11 - Performance Index for indoor RH in summer and winter conditions 

 

 

5.3.4 CONCLUSIONS: THERMAL-HYGROMETRIC CONTROL AND ENERGY REQUESTS 

 

The potential energy saving, obtainable using various strategies for all-air systems with 

constant airflow in the museum air-conditioning, in this paragraph has been evaluated. 

According to the international indications, a first saving strategy consists in an indoor T 

set point properly scheduled, instead of a unique fixed value for all the year. For example, 

ranging gradually from 21 °C in winter to 23 °C in summer, instead of 22 °C during all the year, 

an annual energy cost saving ranging between 6% and 13% has been obtained. 
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diffusers present PIRH values between 40 % and 55 %; for the 9 m high room all the diffusion 

types show good performances (PIRH values between around 70 % and 85 %).  

Considering globally the results for the 9 m high room, they are generally better 

compared to the 5 m high room: this can be explained considering that the supply airflow rate 

for the higher room are much higher, while the number of diffusers is the same. Therefore, with 

reference to the 9 m exhibition room, are verified both higher supply air velocity and major 

related induction effect. 

 

 
Figure 5.4.7 - PIT and PIRH mean values relative to the four volumes of the exhibition room and to the 

three simulation types (A, B, C). a) PIT mean values relative to TSET POINT ± 0.4°C and TSET POINT  ± 0.2°C; 
b) PIRH mean values relative to RH=50±5%, 50±2% and 50±1% 

 

Focusing the attention on the preferential artwork region (analysis not reported in any 

figure), where an optimal RH control is particularly influent, the performance obtainable using 

swirling diffusers becomes much better compared to the other diffuser types. In fact, 

considering air diffusion by means of swirling diffusers, during a typical summer part load 

conditions (for example), the RH values calculated all around the exhibition room are very 

similar, with a spatial excursion smaller than 2.5%.  

Analyzing what happens relatively to the three load conditions (summer, intermediate 

season, winter), the swirling diffusers guarantee very high performances, also when the RH 

admitted range is very strict (50±2 %). In particular, only these diffusers are “seasonal 

indifferent”, providing optimal results in all the load conditions.  
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The swirling diffuser high performances have to be underlined, considering that the 

hygrometric control should be optimal, in order to assure that in the artwork materials there are 

not vapour absorption or desorption. This because the differential adsorptions, inducted on the 

same artwork exposed to different spatial RH values, can cause the same physical damages 

inducted by temporary lack of stability [3]. 

 

b) Spatial and vertical thermal-hygrometric parameters excursions 

 

As regards indoor the indoor temperature uniformity, ΔTMAX (= Tmax - Tmin) has been 

evaluated for the central volume and reported in figure 5.4.8. The results show that, meanly, all 

the diffuser typologies guarantee good uniformity.  

  

 
Figure 5.4.8 - ΔTMAX (i.e. Tmax-Tmin) in the central volume of the 5 m (a) and 9 m (b) high 

exhibition room 

 

With reference to indoor relative humidity uniformity, ΔRHMAX (= RHmax - RHmin) has 

been calculated for the central volume and reported in figure 5.4.9.  

For the 5 m high room, the swirling diffusers show one of the best results (an average 

ΔRHMAX of about 3.5 %), while some other diffusers show average ΔRHMAX higher than 4.5-5 

%; this gap is even larger along the vertical direction, because the stratification effect (see figure 

5.4.8, below described) increases the lack of uniformity. For the 9 m high room, swirling 

diffusers and nozzles are ones of the best equipments.  
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Moreover, from figure 5.4.9, it can be also inferred that containing the RH spatial 

excursion is usually more complicated in winter than in summer.  

 

 
Figure 5.4.9 - ΔRHMAX (i.e. RHmax-RHmin) in the central volume of the 5 m (a) and 9 m (b)  

high exhibition room 

 

As regards the vertical thermal stratification, considering thermal levels values at 

different elevations (0.2 m, 2.0 m, 4.5 m for the 5 m high room; 0.2 m, 2.0 m, 4 m and 6 m for 

the 9 m high room), ΔTMAX is reported in figure 5.4.10.  

 

 
Figure 5.4.10 - ΔTMAX in the vertical direction of the exhibition room, obtained averaging the 

results relative to the three simulations (A, B, C) 
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For the 5 m high room, the swirling diffusers show the best performance (ΔTMAX around 

0.4 °C between the elevation of 0.2 m over the floor level and 4.5 m). For the 9 m high room, the 

12+12 wall nozzles result the best ones (figure 5.4.10). 

For the 9 m high room, the 12+12 wall nozzles represent the best solution (ΔTMAX-

VERTICAL of about 0.1 °C between the elevation of 0.2 m above the floor level and 6.0 m).  

Also in this case, the results for the 9 m high room are generally better compared to the 5 

m height: this has been already explained above (i.e. the supply airflow rate for the higher room 

is increased, while the number of diffusers is the same.). 

 
c) Air speed and age of air 

 

With reference to each load condition and diffuser type analyzed, the air speed values 

calculated are suitable for both the artwork conservation and the thermal comfort. In a zone 

between 1 m and 4 m of height, the maximum speed doesn’t exceed 0.31 m/s, while the average 

value is generally comprised between 0.1 and 0.15 m/s. In wintertime, the air speed is usually 

lower, as there is not the fall-down of cold supply air.  

The results have not shown significant differences among the various diffusion types; in 

fact, each air diffusion strategy has been carefully designed and modelled, in order to optimize 

type, number and position of the diffusers; therefore, the performances of all the diffuser types 

are goodish.  

Also with reference to the 9 m high exhibition room, the results have not shown 

significant differences among the various diffusion types; in this case the air speed is higher but 

anyway acceptable. 

As regards the “age of air”, this parameter has been calculated in the occupied zone, 

therefore considering the entire volume until a height of 2 meters: even if this index usually is 

not evaluated, anyway it gives information on the freshness and so on the quality of the indoor 

air [48].  

 

a b c

 
Figure 5.4.11 - Room zones with age of air equal to 850 s, in winter time, for: 

 a) swirling diffusers, b) 5 wall-grilles, c) ceiling circular diffusers 

 

With reference to the 5 m high exhibition room, collecting and averaging the results of 

the three part load conditions, this study showed that each diffusion modality analyzed provides 

a good air freshness. The highest local mean age of air (however lower than 920 s, i.e. ≈ 15 

minutes), in the occupied zone, is induced using the 5 wall-grilles; the other diffusers show 

slightly better results. As regards the maximum age of air (also in this case in the breathing 
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region), the highest value has been obtained using the 9 wall-grilles (1220 s). Globally, the best 

results are obtained using the swirling diffusers, that guarantee values lower of 150 s with 

respect to the wall-grilles, also in winter time, when the age of air is averagely higher because of 

the stratification of the supply air.  

In figure 5.4.11, the room zones in which the age of air is equal to 850 s are reported, in 

wintertime, for three kinds of diffusers (the other zones of the room are generally characterised 

by higher values). The swirling diffusers show the higher air freshness and uniformity and this 

results has been confirmed also in the 9 m high exhibition room. 

 

 

5.4.4 CONCLUSIONS: THE COUPLING OF BEPS AND CFD ANALYSES APPLIED TO A MODELLED 

EXHIBITION ROOM 

 

A double numerical approach (energy and CFD analysis) has been presented with 

reference to the air-conditioning system for a typical exhibition room of a simulated museum in 

Rome, considering an all-air system and different supply air diffusion equipments. The room 

simulated is representative of many exhibition rooms in museums. The air is extracted always 

using 4 grilles situated down at the corners of the room; in fact, some preliminary analyses have 

shown that extraction from the ceiling is penalizing when the supply air is introduced from the 

same zone. It is important to note that:  

 many advantages can be obtained applying a coupled numerical approach to the 

museum environment; in particular, the use of CFD analysis provides detailed  

evaluations of the spatial distribution of the main indoor microclimatic parameters 

(such as temperature, relative humidity, air speed), and this is very important for the 

choice of the best diffusion equipment for each case; 

 a spatial performance index has been introduced, in order to evaluate separately the 

performances of the different air diffusion equipments in various zones of the room 

(both the zones containing the artworks and those for the visitors).        

As regards the rooms analysed, the following conclusions can be drawn. All the air 

diffusion equipments considered result well-adapted to the museum microclimatic control.  

For the 5 m high rooms, globally estimating indoor the indoor temperature, relative 

humidity, and microclimatic uniformity, the air diffusion equipments showing the best average 

performances are the swirling (vortex) diffusers; they are also the best in containing the vertical 

stratifications.  

Above all as regards the relative humidity control, the swirling diffusers guarantee much 

better results (performance index slightly higher than 80 %), followed by the nozzles 

(performance index higher than 60 %), while the other solutions present performance index 

values between 40 % and 55 %. Considering that relative humidity is the most influent indoor 

microclimatic parameter for the conservation of the artworks, the swirling diffusers represent an 

optimal design solution.  

Good performances are also obtained using also perimetrical stripes of slot diffusers, 

which determine a capillary covering of all the volumes analyzed, due to the dedicated diffusive 

bands); this is not true for the same diffusers assembled in 2 parallel stripes.  
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For the 9 m high rooms, the best average performances have been obtained by the 

nozzles, above all when located on two short walls (12+12 nozzles) instead of on only one wall 

(24 nozzles); however, also in this case the swirling diffusers present still good performances. 

Focusing the attention on the preferential artwork region, where an optimal RH control is 

particularly required, the swirling diffusers become much better compared to the other diffuser 

types; besides, only these diffusers are “seasonal indifferent”, guarantying optimal results in all 

the load conditions. Using any air diffuser type, containing the hygrometric spatial excursion is 

usually more complicated in winter than in summer.  

Finally, as regards the air speed in the rooms, the values calculated are fairly suitable for 

both the artwork conservation and the thermal comfort, with reference to all the analysed load 

conditions and diffuser types. The same satisfactory results have been achieved also as regards 

the parameter age of air. 

 

 

5.5 THE MUSEUM RITTER EXPERIENCE3 

 

5.5.1 INTRODUCTION: THE MUSEUM RITTER AND THE ENOB PROJECT 

 

The museum was built during the years 2004 – 2005, designed by the Berlin architectural 

office headed by Max Dudler, in order to host the private collection of Marli Hoppe Ritter, the 

granddaughter of Alfred Ritter, the founder of the World famous chocolate factory.  

 

 
Figure 5.5.1 - The Museum Ritter in Waldenbuch (source: EnOB) 

 

The Museum is located in Waldenbuch (Germany), a little village near Stuttgart. 

According to the studies previously reported (that underline the high energy request quite 

typical in museums, for the necessary functions of lighting, heating, ventilation and air-

conditioning), the designers of the Ritter conceived a high energy effective building, thinking 

accurately both the envelope structures and the installed technical equipments.  

                                                 
3 This paragraph has been written studying and reassuming the design and monitoring documentation 
that the research unit of the FBTA, Division of Building Physic & Building Services of the University of 
Karlsruhe, showed me during a visiting period in the Winter 2008 – 2009. Thus, all the analyses here 
reported have been entirely carried out by the FBTA and EnOB teams. I apologize for eventual incorrect 
interpretations.                                                                       

 405



Chapter 5: Energy efficiency in the museum environment: energy saving strategies for the exhibition room air-

conditioning, CFD evaluation of the air diffusion performances, the Museum Ritter experience 

                                                

The Museum Ritter architecture was inspired toward a high sustainability direction, 

following design criteria of high ecological compatibility and energy and economic efficiencies. 

Despite the very strict indoor conditions required, as regards the temperature levels, the air 

relative humidity values and the necessary environmental lighting, a significant part of the 

energy requirement is satisfied using renewable energy sources; in particular: 

 solar radiation → thermal solar collectors and photovoltaic panels; 

 biomass → wood pellets; 

 geothermal energy → earth buried water pipes. 

When in 2005 the construction operations finished, the achievable energy performance 

have been monitored, continuously, by the FBTA - Institute of Building Physics and Building 

Services of the University of Karlsruhe (TH). This academic institution already was involved in 

other environmental monitoring projects, being a referent of the German Government as regards 

the EnOB program, a federal republic project that promotes and funds the energy efficiency in 

the building sector4. In particular, within a European context oriented towards a future 

characterized by higher efficiency referred to the energy uses, the German Republic, with legal 

prescriptions aimed to limit the building sector energy requests (EnEV 2007) and with federal 

programmes (EnOB) that fund best practices, tries to orient the actor of the building activity 

towards new energy efficiency concepts. Therefore, the building energy efficiency is strongly 

promoted, with reference to both the new construction (EnBau) and the building renovations 

(EnSan). The main targets of both these programmes, exhaustively explained in the Chapter 4 of 

the Thesis, involve the necessity in reducing energy use, environmental carbon emissions, in 

order to fight effectively the climate changes.  

In particular, the aim of the research program "Energy Optimized Building - EnOB" is the 

target to cut of the 50% the primary energy consumption, such as identified as maximum 

admitted limit by the current energy saving regulations (Energieeinsparverordnung - EnEV 

2007).  

In the previous paragraphs of this Chapter, the museum energy requirements and the 

design critical aspects, characterizing this application, were described. In particular, the very 

restrictive microclimatic conditions (e.g. temperature equal to 22 °C in summertime, with a RH 

of 50%) require an energy demands that, considering the elevated external (cold winter, warm 

summer) and internal (high crowding, high natural and artificial lighting) gains, are very hard 

to reduce. Thus, the best technological solutions, with reference to the energy performances of 

the technical systems (e.g. air-conditioning and lighting) and the adoption of all the available 

renewable energy sources are absolutely necessary for this kind of application. 

The Museum Ritter was designed focusing the attention on the environmental 

compatibility and the energy efficiency. Also the owners were very interested in these concepts, 

so that they were available to support and pay the financial extra-costs (not so higher) derived 

from the design and the adoption of non-standard technical solutions. 

The Berliner architect Max Dudler, in order to achieve the best synergy required for a 

high quality project, coordinated the whole design team. In particular, the technical equipments 

and the energy aspects were designed by the Karlsruhe IP5 engineering office. 

 
4 Energy optimized Buildings EnOB: see more on www.enob.info                                                                     
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5.5.2 THE ARCHITECTURE: BUILDING DESCRIPTIONS AND THERMAL PHYSIC BEHAVIOURS 

 
The building plan is characterized by a well-defined geometry. In particular, the plan 

shape, a quadrate of 44 x 44 metres, clearly calls to mind the famous shape of the chocolate 

tablet. The plan is divided, functionally, in two separate wings, between which there is an open 

atria, covered by a skylight. The two wings (each one constituted by two floors) are defined as a 

trapeze, connected by a covered passage, with the aim to create a connection among the forest 

that lies behind, the near factory and the town that, on the contrary, are located on the main side 

of the Museum. The higher wing (figure 5.5.1, red coloured area), hosts the Museum. In 

particular, at the ground floor are positioned the foyer (with an open space book-shop), the 

cafeteria, the wardrobe & services, and a big exhibition room. The second floor, instead, was 

exclusively dedicated to the exhibition spaces. 

 

    
Figure 5.5.2 - The plan of the museum and the two different wings (source: FBTA for EnOB) 

 

As regards the smaller trapezoidal wing (figure 5.5.2, blue coloured area), it hosts the 

chocolate shop (ground floor), offices and educative laboratories (second floor).  

As above-mentioned, each trapeze contains two floors. Several mezzanine floors and 

technical intermediate spaces have been realized, designed to place the heating and cooling coils 

and machines, the equipments for the central ventilation, and above all to provide an innovative 

and interesting solution about the lighting. In particular, at the second floor, the space lighting is 

obtained mixing (in an dedicated technical space) daylight and artificial illumination 

equipments. In particular, over the main exhibitions rooms at the second floor, a space of 1.3 

meters has been projected to host the described lighting mezzanine. 

The main museum floor (figure 5.5.3) is the second one (even if an important exhibition 

room is positioned also at the ground floor); in particular, three exhibition spaces are here 

placed.  

At the ground floor, together with cafeteria, bookshop, services and exhibition room also 

other spaces are located, among which the cafeteria kitchen, a computer room and the wardrobe. 

The second (smaller) wing contains the chocolate shop at the ground floor, while, at the 

upper level are located the administration office (400 m2), the chocolate exhibition and 

 407



Chapter 5: Energy efficiency in the museum environment: energy saving strategies for the exhibition room air-

conditioning, CFD evaluation of the air diffusion performances, the Museum Ritter experience 

laboratory; in this spaces, visiting schools can assist to the chocolate process production and 

manufacture.  

In table V.5 the main dimensions of the Museum are reported. The envelope structures 

have been designed choosing the best technological solutions in order to achieve high thermal 

performances, both under the environmental comfort and the energy efficiency points of view.  

 

 
Figure 5.5.3 - The exhibition rooms at the first floor  

(source: FBTA for EnOB, photo: Victor S. Brigola) 

 

Table V.5: Geometrical characteristics of the Museum Ritter 

Gross Floor Area 3.910 m2 

Net Floor Area 3232 m2 

Museum net floor Area 1063 m2 

Chocolate Shop net floor Area 1152 m2 

Adaptable space Volume 13100 m3 

Surface to Volume Ratio (S/V) 0.54 m-1 

 

The external coating of the building was constituted by a surface realized in limestone; 

the glazed surface (considering the whole exposed shell and so also the skylight) represents 

about the 30% of the whole building external surface. 

Generally, the main exhibition rooms do not present windows, except two smaller spaces 

at the second floor (the so-called “landscape rooms”). The outer walls present quite diversified 

windows amounts, ranging by the 17%, with respect to the wall opaque surface of the eastern 

façade, to the 50% of the north-exposed one. This because, in summer time, the north-exposed 

windows don’t cause elevated penalizing radiant heat gains.  

The wall structures present very high insulation, containing 14 cm of rock wool, so that 

that the stationary thermal transmittance results equal to 0.23 W/m2K. An elevated insulation 

characterizes also the basement structure, with an UVALUE equal to 0.38 W/m2K, while, with 

reference to the ceiling structure, 16 cm of rock-wool have been designed, so that the resulting 

UVALUE is equal to 0.21 W/m2K. 

About the window thermal behaviours, a three-glazing system was initially thought, but, 

because of the high costs (higher than the achievable energy benefits), considering that some 

windows are height more than 4 meters, finally a double-glazing system was installed, anyway 

with an UVALUE quite reduced - 1.3 W/m2K. At the same time, in order to reduce the solar 
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radiation entering, in summertime, into the indoor space (and so inducing a great penalizing 

heat gains, also dangerous for the impact of the direct radiation on the artworks), highly 

selective sunscreen glasses have been studied (gVALUE  equal to 0.34). For the 3 large windows 

south-exposed, integrated external shading has been designed,  

 

 

5.5.3 INDOOR CLIMATE AND CONSERVATION CONDITIONS 

 

As already described in the paragraph 5.5.1, the energy demand inside the Museum 

environment is related both to the visitor and employed people environmental comfort (and so 

including air temperature, relative humidity, clean air) and to the necessity of a well controlled 

microclimate, in order to guarantee an enduring conservation of the exposed artworks. 

 

Table V.6: Storage conditions for some materials and compatibility with the human comfort 

 
 

With reference to the first necessity - the environmental comfort for the visitors and the 

workers - the usually boundary conditions of any other application can be adopted as regards the 
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temperature and relative humidity set-points, as well as about the minimum outdoor air changes. 

In order to obtain the cited comfort conditions, an operative temperature between 20 and 25 °C 

can be appropriate, with, of course, the first value referred to the wintertime and the second one 

related to the summer season. Instead, as regards the relative humidity, hygrometric comfort 

conditions are guaranteed within the range 30 – 70%. Finally, about the air velocity inside the 

indoor space, usually the technical literature considers values lower than 0.12 m/s fully 

acceptable, while, about the fresh outdoor air, an hourly amount of 22 m3/person could be 

considered an adequate reference value. 

Instead, in this kind of application (i.e. Museums, Libraries and Archives), as shown in 

the initial paragraphs of this Chapter, the indoor conditions necessary to guarantee a good 

conservation of the artworks are much more restrictive. In particular, for an adequate 

conservation, the temperature has to be as much reduced as possible, in both the climatic 

season. In the table V.6, the comfort conditions of some common artwork materials have been 

compared with the human comfort conditions and in different colours the achievable compatibly 

has been evidenced (red: no correspondence, yellow: intermediate correspondence; green: 

coincidence). 

In particular, with reference to typical materials, the good storage conditions in terms of 

temperature and humidity are reported, evidencing when, how much and if, these values can 

ensure the human comfort too. Above all in summertime, the low temperature required for the 

conservation, even if not extreme, often does not guarantee the human thermal comfort. In this 

case, several solutions can be thought. For example, when the required temperatures are 

particularly low, the only one possibility is the adoption of microclimate controlled museum 

glasses.  

 

Factors influencing the indoor climate. The well-insulated building shell and its elevated 

massive structures determine a poor influence of the external climates on the indoor conditions, 

in both the climatic seasons, retarding, reducing and attenuating the heat transfer phenomena. 

Contrarily, the large windows have a great influence on the indoor microclimate, so that, such 

as it has been provided in this building design, a good choice consists in reducing the glazed 

amount, adopting low solar transmittance glasses and frameworks, and, above all, protecting the 

artwork by the risks of the direct solar radiation. 

As already shown in the previous paragraphs, the ventilation air, necessary in order to 

ensure a good quality of the indoor air, represents a critical aspects, because this requires a 

thermodynamic handling before that it can be supplied into the environment. Anyway, a well-

sized air change rate is necessary not only for the human (visitors and workers) comfort, but 

also in order to preserve the artworks from the risks derived from a polluted environment 

around them.  

Thus, the right amount of external air has to be properly defined, and, about this, a good 

solution could be represented by a variable airflow rate, depending on the real people presence 

inside the space (i.e. adopting CO2 sensors). About this, the DVC (Demand Control Ventilation) 

system, already introduced in the paragraph 5.3.3 of this study, is also adopted in the Museum 

Ritter. The endogenous heat gains connected to the people presence, both as regards the sensible 

and latent parts, are quite typical for the specific kind of application. 
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About the light, as previously described, elevated values of illuminance could induce 

direct and indirect degradations of the artworks, acting under several mechanisms (i.e. heating 

processes due to radiation, physical and chemical effects induced by the light picking up...).  

Usually, values lower than 250 lux have to be guaranteed inside the exhibition spaces, 

even if, as regards the conservation of very delicate artworks, an upper limit lower than 50 lux 

sometimes is necessary too. The natural daylight offers a quite satisfactory spectrum quality in 

order to guarantee both a good fruition of the artworks and an elevated luminous efficiency, so 

that, when possible, a carefully use of this is suggested (anyway, avoiding the direct radiation 

on the artworks). 

A good solution, when the costs become sustainable, is represented by the mixed 

luminous ceiling, which adopts, both and in the same time, natural and artificial light; this kind 

of lighting technology is adopted in the Museum Ritter, providing reduced shadows in the 

rooms, higher surface available on the vertical walls, uniform lighting conditions 

  

 

5.5.4 THE ENERGY CONCEPTS: HEATING, COOLING, VENTILATION, LIGHTING AND ELECTRIC 

EQUIPMENTS 

 

The owners and the clients immediately showed high interest regarding an ecological 

design of the Museum, being this building also representative of the chocolate factory mission. 

In particular, the adoption of natural and renewable energy sources was immediately considered 

as the main energy concept of the building. The choice results quite appropriate, above all 

considering the particular destination, characterised by an elevated energy requests. In 

particular, the exhibition spaces and the storage rooms have to be kept in very restrictive 

thermal-hygrometric conditions (Table V.7), above all in summertime, when an indoor 

temperature of 20 - 22 °C and relative humidity lower than 50% require an intensive use of air-

conditioning systems. 

 

Table V.7: Design conditions inside various spaces of the Ritter Museum 
KIND OF SPACE T SET-POINT RH SET-POINT 

Exhibition rooms 20 – 22 °C 50 – 55% 

Storage 1 18 – 20 °C 40 – 45% 

Storage 2 18 – 20 °C 50 – 55% 

Chocolate Shop 18 – 22 °C free range 

Offices 20 – 26 °C free range 

 

Under the same “eco-compatibility” criteria, also large windows had to be realized, 

determining a communication between the internal and external environments, in order to 

provide a perfect “contextual” and “landscape” integration.  

As regards the main exhibition rooms, instead, in order to guarantee the best possible 

fruition, no vertical windows were designed, while the lighting, mixed natural and artificial, was 

realized by means of technical mezzanines in which day lighting and artificial lamps work 

together. For the technical mezzanine skylights, high performances glasses have been selected 

(with anti-sun and low solar transmission treatments), under which internal blinds characterized 
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by high reflective slats have been chosen and installed; in this way, working together with the 

ceiling artificial lighting, the shading system guarnatees modulation of the light amount, glare 

shield and also thermal protection.  

In the ceiling mezzanine, the natural light is integrated with high efficient fluorescent 

lamps. The sun exposed sky glass consists in a low transmittance transparent system (UVALUE = 

1.1 W/m2K, gVALUE 0.25), while the transparent and diffuser surfaces, between the mezzanine and 

the exhibition rooms, were realized adopting double glasses. The installed artificial lamps 

consist in 800 fluorescent tubes. 

The main “design approach”, that aimed the building, was the maximum integration in 

the natural context, thus, above all under the energy point of view, the use of natural sources 

and the high energy efficiency assume a central role in the whole design operation. For these 

reasons, geothermal and solar (both thermal and photovoltaic) sources, such as waste natural 

materials (wood pellets) have been used largely; moreover, high efficient technologies, as 

buried water pipes, waste heat recovery, absorption refrigeration have also provided. 

 
A) HEATING, VENTILATING AND AIR-CONDITIONING  

 

In figure 5.5.4, the energy flows have been represented, as regards the summer and winter 

indoor air-conditioning energy concepts.  

The cooling and heating processes, in the operational working criteria adopted for the 

Museum Ritter, are not drastically separated. The heat production was initially realized by 

means of 4 wood pellet boilers, each one sized for an output thermal power of 32 kW. In a 

second moment, during the 2008, these 4 boilers were changed with 3 (still wood pellet ones) 

boilers, characterized by higher thermal power (56 kW each one, i.e. 168 kW globally 

available). 

On the building roof, around 195 m2 of CPC evacuated solar collectors are placed, with a 

peak power of about 100 kW (high temperature thermal energy).  

Furthermore, an absorption chiller of 110 kW has been also installed, in order to produce 

medium temperature vector-fluid both in summer and in winter times, and so requiring adapt 

kind of thermal exchanges inside the environment, in particular demanding medium temperature 

heat emitters. When a high temperature heating in wintertime becomes necessary, the wood 

pellet boilers, besides the solar collector, support the work of the absorption chiller (figure 

5.5.4). 

 

Wood pellet boilers. The original 4 boilers (3 at the present moment) were installed “in series” 

and are fired by fuel pellet silos of around 10 tons as regards the storage capability (about 15 m3 

of wood). These boilers are placed above the sanitary services placed at the first floor, in a 

designed technical inter-floor.  

 

Solar system. The solar thermal collectors convert the picking up solar energy in thermal energy 

characterized by an elevated temperature level (higher than 90 °C). The high temperature vector 
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fluid is used both for the wintertime environmental heating and, above all, in summertime to 

support the working of the absorber (inside the absorption chiller). 

 

 
Figure 5.5.4 – Energy flows for the Museum Ritter air-conditioning (source: IP5 Designer) 

 

The evacuated solar collectors are placed on the roof of the building, upon the 

construction wing dedicated to the chocolate shop and laboratories (figure 5.5.5).  

The required low environmental impact imposed, for the solar system, a very low tilt 

angle with respect to the horizontal plan of the roof, so that only an inclination of 7° has been 

chosen; in this way, the solar collectors result not visible. For this reason, the solar system does 

not work well in wintertime (the sun, at these latitudes, is quite “low” on the horizon) while, in 

summertime, thermal losses around 10% are determined compared to an optimal tilt angle. 
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The solar system is not separated by an intermediate heat exchanger. In other words, 

contrarily with respect to the usual design methods, there is not a secondary hydraulic circuit, 

and, despite the presence of 4 storage boilers (without heat exchange with a secondary fluid) the 

same fluid circulating in the collectors is also used for the absorption process. This strategy 

raises up the global efficiency of the system. Of course, in wintertime, an active heating is 

provided, if necessary, to prevent the freezing of the solar fluid. Globally, the high quality of the 

thermal insulation induces, anyway, reduced heat losses.  

 

 
Figure 5.5.5 – The vacuum solar collector placed on the roof (source: FBTA for EnOB) 

 
In summertime, when the fluid temperatures become too hot and also the 4 storage 

boilers are “in overheating” risk, an emergency system is provided to cool the solar plant, by 

means of a connection with the cooling tower. This solution was adopted to prevent the system 

malfunctioning, caused by the steam eventually produced in the collectors, because of too high 

reached thermal levels. In this case, a restarting operation of the solar system would be possible 

only after the cooling and the condensation of the vapour.  

The solar collectors are also connected to the domestic hot water system, by means of a 

heat exchanger placed in a boiler that provides the thermal transfer between the solar fluid and 

the water used in the bathrooms and in the cafeteria kitchen. 

 

The absorption refrigerator / heat pump. The nominal cooling power results equal to 54 kW. 

The same chiller, in wintertime, operates like heat pump. In particular, by means of 73 buried 

water pipes, in wintertime, the soil, heated during the summer season by the geothermal 

cooling, can be thermally discharged (being the soil used as cool sink). Globally, the 40% of the 

heat available by means of the absorption heat pump comes from the ground.  

With reference to the thermal levels of the fluids, both in summer and winter, the 

absorption side of the chiller was fired by a thermal vector characterized by temperature values 

around 90 °C (in) and 75 °C (out), produced in the solar system plants or by means of the wood 

pellet boilers. 

In summertime, the fluid handled in the cooling side (evaporator) is characterized by 

temperature level of 10 °C (out) and 16 °C (in), and so useful for a medium temperature 

cooling. In winter, the fluid temperature obtainable after the handling in the condenser reaches, 
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usually thermal levels around  36 °C (out) and 30 °C (in), being adapt, in this way, for the 

heating of the indoor spaces by means of large radiant panels (displaced under the floor). 

 

Heat distribution. Several heat distribution systems are present, because not only the Museum 

Ritter hosts several functions and so many hydraulics pipes and air ducts are provided, but also 

because the heat distribution is realized by different circuits that work transporting fluids 

characterized by several temperature levels. 

As regards the Museum exhibition rooms and deposits, three heat distribution systems are 

present. This in order to handle the ventilation air (openings placed around the perimetrical 

sides of the exhibition rooms - figure 5.5.6), supplying the hot water (70 °C in, 50 °C out) for 

the thermal convector placed near the windows (figure 5.5.7) and for the medium temperature 

fluid firing the radiant panels (36 °C in, 30 °C out).  

Moreover, different heat distribution circuits are provided for the Museum, the “chocolate 

wing” and the cafeteria area.  

 

 
Figure 5.5.6 – Thermal water convectors placed around the perimetrical walls of the rooms, in the 

ventilation openings (source: FBTA for EnOB) 

 

 
Figure 5.5.7– Thermal water convectors placed near the windows (source: FBTA for EnOB) 

 

 

Cool fluid distribution. The primary cooling effect was realized by means of the absorption 

refrigerator that, usually in summertime, was supported by the hot fluid coming from the solar 
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collector system. The refrigerated fluid temperature, after the heat exchange in the evaporator, is 

usually characterized by thermal levels of 10 – 16 °C (inlet and outlet, to and from the water 

pipes). The absorber works with temperatures of 86 – 72 °C (largely obtained by means of the 

vacuum solar collectors, being this designed for hot water even higher than 90 °C), while the 

thermal levels of the fluid crossing the condenser are 32 °C (out) ÷ 27 °C (in) , and so apt for 

the ventilation air re-heating. The post-heating process of the ventilation air is necessary 

because the dehumidification is achieved cooling the airflow below the dew-point temperature. 

The real cooling capability, achievable through the use of the absorption chiller (the nominal 

one is 54 kW), greatly depends by the thermal levels above described, and, as it will show in the 

followings, when the operative conditions are not ideal the energy efficiency ratio (and so the 

cooling effect) can be significantly lower than this. The absorption refrigeration cycle is 

obtained using a water (refrigerant) - lithium bromide (absorber fluid) solution.  

In these conditions, the refrigerant water evaporates (in the evaporator) approximately at 

4 °C, while the condensation happens approximately at 40 °C. The chilled water (10 °C  out – 

16 °C in), produced in the absorption chiller, is supplied firstly into two buffer boilers, placed in 

series and each one containing 2’000 stored litres. From there, the chilled water is then given to 

the air-handling unit, in order to treat the ventilation air. By means of the waste heat in the 

absorption machine condenser, the air re-heating, after the mechanical dehumidification, was 

realised.  

Then, the evaporative tower cools the water coming from the condenser from 35 °C to 27 

°C. About the re-integration of the evaporated water amount, this is obtained by means of a 

rainwater cistern (40 m3 capacity). The system does not require water purification.  

Really, against the design assumptions, the re-cooling temperature achieved of 27 °C is 

not reached (usually, this is around 28 - 29 °C), and it reduces the absorption chiller 

performances; according to the manufacturer indication, this causes a loss of performances 

around 20%, and so this malfunctioning becomes very significant. Despite various solutions 

have been tried, acting on the hydraulic circulation, presently this is an unsolved problem. In 

summertime the buried water pipes provide cold water to the indoor radiant panels, while, in 

wintertime, these pipes work as cool sink for the heat pump. Therefore, partially, the building 

cooling in summertime is obtained pumping the water coming by the ground pipes into the 

radiant panels (placed on the indoor floors or ceilings). The water leaves the ground pipes with 

temperatures around 16 - 18 °C, and in the indoor space the water inside the radiant panels 

(figure 5.5.8) is characterised by a thermal level of about 20 – 21 °C.  

 

Heat emission. The radiant panels, placed in the room floor structure, guarantee the main 

heating emission. These heat transfer solutions can be very well guaranteed by the thermal 

levels reached in the absorption heat pumps, being required low-temperature fluid vector (due to 

the large heat exchange surface). The exhibition rooms are characterized by the presence of 

special capillary tubes. These are posed under the floor and designed accurately in order to 

work, in wintertime, using low temperature fluid. The capillary floor systems are shown in 

figure 5.5.8. Also the floor structure is designed in order to minimize the thermal inertia of the 

radiant heating system, with a very small mass and so with a quick heating/cooling obtainable 

effect. The concrete-based liquid screen posed upon the capillary is very small, i.e. 13 mm 
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(while a traditional one is around 50 mm), and, upon this, a hard-wood parquet of 13 mm is 

installed [49].  

 

 
Figure 5.5.8 – Thermal water capillary tubes posed under the floor (source: FBTA for EnOB) 

 

Considering the achievable thermal efficiency of this solution (about 45W/m2) and 

designing a system of 573 m2, a total heating power of 26 kW can be achieved in wintertime.  

The under-floor heating cannot balance the total heating load, above all in the spaces 

characterized by elevated thermal losses due to the presence of high windows. Therefore, in the 

museum areas with large transparent surfaces, as well as in the entrance hall and in the 

“landscape rooms”, additional heating elements are necessary. In particular, water pipe 

convectors have been installed and these operates with a fluid vector characterised by thermal 

level of 70/50 °C, preventing and stopping the cooling effect due to the window presence (high 

sky and surrounding ambient radiation and high conduction thermal losses; figure 5.5.7). 

Other spaces (cafeteria, exhibition rooms, chocolate shop) are equipped almost 

exclusively with a conventional under-floor heating.  

With reference to the second floor of the “chocolate-wing”, a ceiling heating systems was 

realized by means of capillary tube ceilings, in order to guarantee space indoor flexibility. 

 

Cooling systems.  The cooling effect, similarly to the heat emission, is guaranteed by the 

capillary systems placed under the floor surface, enough large in order to provide a high 

temperature cooling (i.e. water cooled inside the soil buried pipes). The distribution circuits are 

thought in order to provide, adopting several distribution devices (primary and slaves 

distributors, inlet-outlet collectors, central control and switching equipments), a well-adapted 

switching, so that, in the same time, some thermal zones can be cooled while others are heated.  

Globally, the cooling loads are quite moderate (approximately 20 W/m2) so that through 

the soil (73 buried water pipes) about the 65% of the thermal energy need is obtained. The most 

critical point, about the cooling work, is instead due to the ventilation air, that is supplied with a 

temperature around 15 – 18 °C. The ventilating systems are designed in order to vary, with 

respect to the needs of each room, the supplied airflow amount. In particular, the supply air 

temperature and humidity content, leaving the centralized air handling unit (cooled below the 

dew point in order to be dehumidified, at  – 9 °C, and then re-heated at 15 – 18 °C), is 

controlled by a reference room, depending on the indoor measured thermal level. In the other 

exhibition spaces, the airflow amount is then varied, depending of the real needs. The first 
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control strategy consists in a temperature based control system, even if, secondarily, also CO2 

sensor can induce the ventilating damper modulations.  

 

Air Ventilation Systems.  The building is characterised by the presence of three main ventilation 

systems and several smaller equipments to extract the exhaust air, placed in the WCs and in the 

Cafeteria kitchen. All the ventilation systems are designed in order to reduce the pressure losses 

inside the ducts. 

 

a) Museum. The exhibition rooms are provided with a full air-conditioning system, with a 

nominal design flow rate of 12’100 m3/h. The maximum air change amount (when all the 

dampers are open) induces 2.5 ACH. This value can seem a little bit low, but, really, it is not 

so; in fact, considering the air distribution system (a kind of displacement ventilation) the air is 

supplied by the lower part of the rooms and extracted in the upper zone (figure 5.5.9).  

 

 
Figure 5.5.9 – Air distribution inside the exhibition spaces  

 

In this way, temperature stratifications are opportunely studied, and high quality air and 

useful temperatures are always obtained in the occupied region. For example, even if the 

exhaust air temperature (extracted in the ceiling mezzanine floor) is of 26 °C, thermal levels of 

22 °C are usually measured in the occupied volume. The vertical stratification, designed for the 

exhibition room, can be in this way described (i.e. summer time design values): 

 thermal volume lower than a height of 2 m → indoor air temperature ≈ 22°C; 

 thermal volume around the ceiling → indoor air temperature ≈ 24°C; 

 thermal volume inside the ceiling mezzanine floor → summer air temperature ≈ 26°C. 

Therefore, temperature stratification around 8 °C can be globally reached. The necessary 

air change is reduced, in this way, of about 30 – 50 % compared to a traditional mixing 

ventilation strategy.  

The supply air is sent into the exhibition rooms, the “landscape” rooms and foyer by the 

floor ventilation grilles, while this is extracted by the open slots placed on the luminous ceilings 

and so it arrives to the mezzanine technical floor. As above cited, dampers regulate the airflow 

at the desired amount. If no cooling is required, the system supplies an airflow amount 
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evaluated in order to provide anyway the necessary minimum ventilation. The thermal-

hygrometric conditions of the supply air are calculated, in the centralized air-handling unit, 

considering the exhibition room characterized by the higher loads. The AHU is provided by 

heating, cooling-dehumidification, water humidifier and post-heating coils, but also with an 

enthalpy wheel with an efficiency rate of 73%. In particular, the rotating air-to-air heat 

exchanger is characterized by a sensible heat recovery efficiency of 80% and latent recovery 

coefficient of 50%. Above all in summer, a great part of the air is re-circulated (about 70%), in 

order to reduce the mechanical dehumidification and related post-heating. 

In wintertime the enthalpy wheel and the warm fluid coming by the absorption heat pump 

provide a supply air of 30 °C, that, after the water humidification was supplied at 22 °C (design 

condition). The water humidification has been chosen in order to avoid high temperature 

thermal energy required by a steam humidifier. On the other hand, in summertime, the 

mechanical dehumidification does necessary a re-heating process, that in the Museum Ritter is 

been totally guaranteed by the heat exchange with the waste heat available at the condenser of 

the absorption heat pump (and so this operation is totally free of costs).  

 

b) Cafeteria. This function was served by a heating/cooling ventilating system, without 

humidity control. The nominal airflow rate results of 5’000 m3/h, and it corresponds to 10 AHC. 

The air is supplied through opening slots integrated into the furniture. Also in this case, the flow 

rate amount depends on the exhaust air quality and/or temperature regulated. The central 

ventilation equipment contains also a total heat recovery wheel.  

 

c) Chocolate Wing. In this case too, the ventilation system is used also for the environmental 

heating and cooling, without the relative humidity control. The nominal value of the airflow is 

of 7’000 m3/h. The whole chocolate part of the museum is served by a central air-handling unit, 

with a rotating heat recovery, heating and cooling coils. Also in this case, direct driven axial 

fans have been adopted.  

 

 

5.5.5 ENERGY PERFORMANCES AND THE 2-YEARS FBTA MONITORING: ANALYSES OF THE 

RESULTS 

 

The energy performances of the Museum Ritter are strictly monitored as provided by the 

EnOB program of the German Government. The measured data, in the following described, are 

in real time transmitted to the FBTA – Division of Building Physic & Building Services of the 

University of Karlsruhe, where all the values and the relative building performances are 

analysed and compared with the designed ones.  

All the data, 500 technical values continuously monitored, are remotely transmitted, by 

means of an ISDN transmission data system. The main measured parameters are: energy fluxes, 

thermal levels, temperatures and relative humidity inside the rooms, ventilations rates, position 

of valves and pump/fan running, consumption of pellets, solar radiation and conversion in 

thermal and electric energy. 
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Such as intended by the EnOB program, the activity was divided in an intensive short 

phase and a long-term monitoring. The intensive monitoring is required for a period of two 

years, and so including two heating seasons and the same number of cooling periods [48]. 

With respect to the EnOB requirements, the museum application cannot be respectful of 

the same standards of other buildings hosting different function, being, in this application, the 

required set-point conditions too restrictive. 

All the collected data, since the first monitoring period (October 2006) have been used to 

calculate the coefficient of performance and energy efficiency ratio of all the machine and 

equipments installed, in order to understand the critical working conditions and, finally, to 

improve the global performances of the building-HVAC system. Inside a co-work between the 

Fbta and the research center Fraunhofer ISE (Instituts für Solare Energiesysteme), the Museum 

Ritter monitoring becomes useful also in order to evaluate the building overall energy balance, 

according to the German technical Standard DIN 18599 – Building Energy Evaluation.   

As regards the building and its system efficiency, immediately, the high complexity of 

the technological equipments was observed, and it gave problem above all as regards the perfect 

interrelation among the different devices. Therefore, the need of a complex but necessary 

control optimization was immediately shown.  

The main noted defects are related to malfunctioning occurred during the construction 

operations. In particular, the control systems are very innovative, because no standard adequate 

instruments were available. About this, a longer test phase should be required, while, really, no 

time for a good optimization was spent, above all because the spring and autumn climate 

conditions are not well adapted to do it. Therefore, many studies were carried out later, during 

the normal work of the systems. 

The most critical aspect, immediately evident, was that the absorption chiller, in 

summertime, was no able to balance the entire cooling load under the most critical climate 

conditions. Therefore, during the spring 2006, a new compression chiller was installed, chosen 

with a cooling capacity of 50 kW; no complicated adjustments were required for the cooling 

tower, already sized considering also an eventual upload of the HVAC, so that it results enough 

powerful also considering the compression chiller needs. To improve the bad performances of 

the re-cooling circuits of the absorption chiller, a new pump was realized and installed, showing 

immediately good performances. The compression chiller was indispensable also because the 

number of visitors was double compared to that originally evaluated. 

The building automation system manages all the connected technical equipments, 

working with over then 1.000 data inputs, mainly evaluating in real time the energy uses and the 

energy parameters. Starting by the measured values of temperature, humidity, air quality and 

flow rates, works of the pumps, fans, valves and other components, the building automation 

operates the auto-regulation. The building was divided in four zones: exhibition, café, visitor 

center (chocolate shop, chocolate exhibition and laboratory), at the ground floor, and the 

administrative part at the second floor of the “chocolate wing”. 

Various retrofitting actions, in order to guarantee a perfect monitoring, have been 

implemented during the last two years, above all increasing the number of controllers. With 

reference to any function and energy parameter, each device has been monitored, with particular 

attention to the energy uses due to the space heating, cooling, ventilation and lighting.  Also the 
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used software, adopted in order to manage all the parameters, is not a standard commercialized 

one, but it was adjusted appositely for this project. The monitoring was and is aimed to various 

targets, among which the optimization of the systems and of all the technical equipments, 

understanding malfunctions or defects, and, above all, verifying if the EnOB targets are 

achieved.  

The limit of 100 kWh/m2a (as regards the maximum primary energy requirement 

imposed by the EnOB program) is evidently too much restrictive for this kind of application. In 

particular, the elevated amount of lighting (much more high than in an office building) and the 

strict thermal-hygrometric control conditions imposed within the exhibition spaces make not 

possible the same energy performances achievable in common office buildings. 

 According to the current German method, passing from “end” to “primary” energy the 

conversion factor of 0.2 and 2.7 have been respectively considered for the wood pellets and the 

electric energy. 

Above all about the installed artificial lighting, the demanded electricity resulted much 

higher than the designed one (that, instead, was compatible with the EnOB requirements). This 

happened because the luminous ceiling works above all by means of artificial lighting, while, in 

the original idea, meanly the 69% of the light need was guaranteed by the natural daylight.  

The overall energy requirement, determined by the designer (IP5 - Karlsruhe Technical 

Bureau), was calculated considering a level of luminance, as regards the vertical direction, 

equal to 300 lux, while it resulted higher than 700 lux; this explains the accentuated no-

accordance between the projected energy performances and the measured ones. In particular, 

has visible in figure 5.5.10, the overall energy requirement, for the several energy uses, was 

calculated in 163 kWh/m2a, and the greatest part of this was due to the artificial lighting. On the 

contrary, as shown in figure 5.5.11, the measured energy demand is much higher. 

 

 
Figure 5.5.10 – Estimated primary energy needs (ip5 bureau, Karlsruhe) (source: FBTA for EnOB) 

 
In a second phase, the initially considered 45 W/m2 for the artificial lighting became 75 

W/m2, and the considered daylight amount was estimated around the 30% with respect to the 

total lighting effects (≈ 70% in the first consideration). Under these new boundary conditions, 

obviously the primary energy demand raised up, becoming similar to the measured one. 
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As regards the primary energy required for the space heating and the hot water 

production, the simulations of the ip5 engineers and the monitored performances are in a good 

accordance, while, as regards the ventilation and the cooling energy requests, these results much 

higher compared to the designed amounts. 

 

 
Figure 5.5.11 – Overall primary energy need, adopting the technical standards, the design simulations 

and the measured values during the 2007 and 2008 monitoring (source: FBTA for EnOB) 
 

This because the real crowding and so the required ventilation airflow, as well as the 

endogenous cooling loads, resulted much higher than the estimated ones. In particular, 

considering all the energy uses, compared to the design values (about 130 – 150 kWh/m2a), the 

measured energy requirements are very different, in particular resulting about 3 times higher 

with reference to the 2007.  

As regards the heating and cooling energy fluxes, these have been represented in figure 

5.5.12. 

 

 
Figure 5.5.12 – Energy fluxes (Heating and Cooling) (source: FBTA for EnOB) 

 

The higher monitored energy requirements are those for the museum area and of the 

cafeteria. As regards the Museum, the most relevant end energy demand is due to the lighting 

and to the summer air-conditioning, while in the cafeteria the largest energy uses are related to 

the ventilation and the heating requests.  
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PRIMARY ENERGY. According to EnOB, the primary energy requirement (calculated 

considering the space heating/cooling, lighting and ventilation) has to be computed and 

monitored. Contrariwise with respect to other buildings, the conversion between end energy and 

primary energy is, in this case, quite complicated, because the Ritter Museum is interested by 

the adoption of several energy sources and vector (electricity, wood pellets, solar sources, 

ground…), each one characterised by a different energy conversion factor.  

The primary energy conversion coefficient for the refrigeration has been calculated 

considering the absorption chiller, the compression refrigerator and the auxiliary functions. For 

the 2007, the compression chiller has a primary energy factor of 0.76, including the auxiliary, 

whit a good value obtained thanks to the high COP of the machine (3.8), while the absorption 

chiller has a primary energy factor of 1.28, also in this case, considering the auxiliaries too. 

Considering the whole building; the consumption of energy for the lighting is of about 

50% higher than the planned one, while compared with the DIN 18599 targets, the heating 

demand is about two times higher. 

 
HEATING. The heating requirements for the museum building are achieved using the solar 

collectors and the three wood pellet boilers (4 in a first period). The solar collectors are used 

above all to support the absorber working in the absorption chiller. According to the design, 

about the 80% of the necessary heat for the absorber would be given by the solar source; with 

respect to this calculation, the solar system gives very appreciative performances, with a good 

accordance between the measured efficiency and the technical documentation. The 

measurements, during the year from April 2007 to March 2008, document a thermal energy 

conversion higher than 460 kWh/m2 (a very good value considering the solar irradiation in this 

climate context). Minor performances are achieved using the 3 wood pellet boilers, being 

required, in order to drive the absorber solution, thermal energy with a temperature value 

around 80 - 90°C, while this kind of boiler gives the best performances working with a thermal 

level of the water around 70 °C.  

During the spring of 2008, the 4 wood pellet boilers (each one of 32 kW) were substituted 

installing 3 higher boilers, each one characterized by a nominal power of 56 kW; the overall 

heating capacity was thus raised of about 40 kW (128 → 168 kW). Also the circuit and the 

buffer boilers were opportunely modified and improved. In the 2007, the utilization factor of the 

converted energy was of about 86%, and with reference to the 2008, the value become lower 

(around 80%) while the desirable one, for this kind of heating system, should result around the 

90%. The lower results during 2008 depend on the new 2 storage boilers that imply further 

energy losses.  

The heat production, recurring to the wood pellet boilers, resulted a little bit higher during 

the 2007 compared to 2008; it depends also by the working of the absorption chiller (as heat 

pump) during the 2008. With reference to 2008, some operational problems occurred; in 

particular, at the beginning of the summer season, not immediately the absorption system was 

switched for the summer working, so that a useless extra-energy demand occurred. The 

conversion was operated only in July. 
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The absorption refrigerator was used also in wintertime with the aim of a drastic 

reduction (around one half) of the primary energy factor for the heat production, passing from 

0.20 to 0.11, even if, the monitored results didn’t show these results. The absorber functioning 

was allowed by means of the wood pellet (free of costs because of locally available) hot fluid, 

with a primary energy factor of 0.2. About the energy performances, some problems occurred 

during the autumn 2007 and during the following winter season, so that only the performances 

of the winter 2006/2007 could be considered as representative. In the period December 2006 – 

February 2007, the COP of the absorption heat pump was of 0.39. Also after some 

improvements, the COP and the connected primary energy factor showed no sensitive 

advantages compared to a direct water boiler. 

Both the solar collectors and the wood pellet boilers produce thermal energy, 

characterized by a high temperature, then stored inside apposite boilers. These storage boilers, 

of course, determine thermal energy losses (≈ 4%), but are anyway necessary in order to provide 

thermal energy also in critical cases, ensuring the correct amount of hot fluid in each operational 

and climatic condition.  

During the monitoring several problems occurred, due to the loss of measured data, so 

that various technical improvements, about the monitoring systems, have been successively 

realized. The present heat requests and consumption are divided in high temperature and low 

temperature thermal energy, respectively for the convectors (high temperature) and as regards 

the radiant floor panels (low temperature). Thermal energy is also request for the heating of the 

ventilation air, the post-heating in summertime after the mechanical dehumidification, and in 

order to produce the hot water used in the cafeteria kitchen and for the toilettes. 

Globally, the thermal energy necessary to heat the hot water is higher than the energy 

required for the air heating; this happens because of the high endogenous heat gains, so that the 

air heating energy requests is not so high.  

The hot water needs are very elevated in the cafeteria and in the visitor center too. In 

figure 5.5.13, the end energy heat requirements are reported. 

 

 
Figure 5.5.13 – Specific heat consumption (end energy) of the zones in 2007 (source: FBTA for EnOB) 
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The elevated heat consumption of the cafeteria (around 153 kWh/m2a) was due to the 

high heat losses (geometry, windows, opening of the doors) and to the high hot water energy 

demand.  

As regards the Museum, the dehumidified air in summer time requires a post-heating (the 

dehumidification is guaranteed cooling the air below the due point temperature).  

Furthermore, also some malfunctions in the regulation system occurred, especially 

because the control system is centralized and the several rooms are instead characterized by 

very different thermal loads. During the 2008, some improvement actions have been carried out, 

varying the regulation of the heating radiant panels (and so acting on the hydraulic circuits).  

Considering a better regulation, without re-heating in summertime when not necessary, a 

saving around 15 kWh/m2a has been calculated as possible.  

 
COOLING. According to the design, the building cooling had to be realized recurring only to 

regenerative cooling, and so without using traditional energy sources. The absorption chiller 

plays a central rule, working by means of the hot thermal fluid produced in the solar plants or by 

means the pellet boilers. Furthermore, the use of the buried water piles represents a no-active 

environmental refrigeration. Actually, the relevant endogenous heat gains, above all due to the 

high illumination level, make too elevated the thermal loads, so that the designed targets could 

not be achieved.  

In the figure 5.5.14, the cooling energy provided by the absorption and compression 

chiller is represented. With reference to 2008, a reduction of the global demanded cooling 

energy has been obtained (around -100 MWh), and, at the same time, the work of the absorption 

chiller raised up (around + 30% compared to the previous season).  

 

 
Figure 5.5.14 – Cooling needs in the period April – September, both in 2007 and 2008  

(source: FBTA for EnOB) 

 

Initially, the performances obtained by the absorption refrigerator were very poor, due to 

the fixed set-point temperature of the outlet water (8 - 9 °C). A first improvement was adopted 

working on the inlet temperature of the water; the efficiency of the system, in fact, was strictly 

related to the thermal level of the vector fluid, so that when low thermal levels are required, the 
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energy performances are characterized by a descendent trend. After the improvement of the 

water temperature regulation, immediately (summer 2005) it was clear that, anyway, the 

installed cooling capacity was not enough, so that during the spring 2006 another chiller was 

installed, and the chosen one was a traditional compression refrigerator. 

 
Monitoring 2007. After the optimization and the installation of the new compression chiller, 

(spring 2006), until the autumn 2007 the absorption chiller worked well, even if at the begin and 

in the central period of the same year, the COP of the system resulted very low, with a mean 

value of 0.32, both as refrigeration chiller and heat pump. 

Bad coefficient of performances mean bad primary energy conversion factor, so that, 

globally, no energy convenience compared to a traditional compression chiller in this year 

(2007) was obtained. Also with reference to the CO2 emissions, the obtained performances are 

very low. Considering a good compression chiller, it induces, approximately, 209 g/kWh as 

regards the polluting emission. The adoption of an absorption chiller is useful to reduce 

drastically this value, because, when coupled with renewable thermal energy sources (solar 

and/or wood pellets), low emissions related to the thermal energy required by the absorber are 

considered, so that the emitted pollution could be strongly reduced. Furthermore, considering 

that the electric energy required by an absorption chiller is around 1/10 of the energy need of a 

compression chiller, the performances regarding the CO2 emission obtained during the 2007 by 

means of the Museum Ritter absorption chiller (164 g/kWh) are really unsatisfactory. 

Also the cooling capacity of the absorption chiller, with reference to 2007, was quite 

lower than the expectations; in fact, the absorption chiller gave more than 30 kW only for 500 

hours (with respect to the 4’000 hours characterized by a full operation)  

At the end of the 2007, the absorption chiller was removed for maintenance, guarantying 

the necessary improvement actions. This operation was possible because the heating could be 

guaranteed also using, directly, the wood pellet boilers. In the spring 2008, the manufacture 

operates some optimization actions, first of all adjusting the water mass crossing the circuit 

(measured around 9.7 m3/h, while the data sheets suggest 7.7 m3/h).  

 

   
Figure 5.5.15 – Absorption chiller energy performances (left 2007, right 2008)  

(source: FBTA for EnOB) 
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After the optimization of the hydraulic circuit, above all as regards the cooling tower – 

heat exchangers water lines, a COP around 0.5 was monitored (figure 5.5.15), thus better than 

the value characterizing the previous season (0.30), but still unsatisfactory.  

During the following continuous work, surely the performances resulted much better 

compared to the previous year (higher COP, lower emissions, lower primary energy factor), 

even if, considering the technical data and the consequent expectations, it was clear that 

something didn’t work perfectly. Other improving actions have been so applied on the coupling 

between the absorption machine and the compression chiller, working on the hydraulic circuits 

and, above all, on the water mass crossing the two refrigerators. 

 
Monitoring 2008. Starting form April 2008, the performances of the absorption chiller became 

much better compared to the previous year. Passing by April to June, the COP raised up from 

0.42 to 0.6, and considering this value as the mean one of the month, it consists in a quite good 

result. Also the cooling capacity of the chiller was now much higher, close to the designed 

value, and always around 30 kW. How much the parallel operation of the compression chiller 

influences the performances of the absorption machine is not so clear. Anyway, during the 

August 2008, the electrical COP of the absorption chiller was of 11.3 (around two times higher 

compared to 2007), while the overall COP was around 0.54. In wintertime, when the absorption 

machine works as heat pump, the solar collector contribute was quite reduced also during the 

2008 winter, when, sometimes, only the 30% of the required thermal energy is provided by the 

solar collectors, so that the COP went down (≈ 0.4). 

 

Museum compression refrigerator. This machine is used only in order to cover the peak load 

and as “replacement” machine when the absorption one could not work. During the 2007, the 

compression machine, installed in the spring 2006, worked a lot, because of the poor 

performances achieved using the absorption chiller.  

 

 
Figure 5.5.16 – Compression chiller energy performances (left 2007, right 2008)  

(source: FBTA for EnOB) 

 

After the optimization of the absorption chiller, the work of the compression one 

decreased, above all during the 2008 summer. The monitoring of the energy performances of 

the building declared, both for the 2007 and 2008, very good performances (figure 5.5.16) 
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achievable using the compression chiller, with seasonal coefficient of performances around 3.5 

(very good accordance with respect to the value defined by the manufacturer). 

 
Buried water piles. Using the cold ground temperature in summertime, a cooling production, 

totally clean and renewable, equal to 91 MWh and 89 MWh was obtained respectively during 

the summer 2007 and 2008 (figure 5.5.17).   

 

 
Figure 5.5.17 – Buried Water pipes performances during 2007 (source: FBTA for EnOB) 

 

The coefficients of performances, with reference to the summer seasons 2007 and 2008, 

results respectively equal to 34 and 40, and these are quite usual for this kind of cooling 

solution, where the only one active energetic need is due to the pump working, so that only a 

low amount of electrical energy is necessary. The overall contribute obtained using the buried 

water pipes is, with reference to the summer cooling, only around 10÷20% of the global thermal 

needs, and this is significantly lower than the expectations.  

Furthermore, it is necessary a fit regeneration of the soil, so that the piles are used, in 

wintertime, as heat source (cool sink) for the absorption chiller work.  

 

Cool storage. The cold water produced in the two cooling generators (absorption and 

compression chillers) is stored in two insulated boilers. Thanks to these buffers, it is possible a 

temporary de-coupling between cool productions and cool use. During the 2007, the energy 

losses due to the storage was around 25% and this value was too high considering the thermal 

levels (cold water – environment) and the good insulation of the boilers, so that, probably, this 

scarce performance was due to the complicate, and somewhere ineffective, hydraulic schemes.  

 

Cool consumption. The refrigeration is strongly diversified with reference to the different 

thermal zones, being different the loads conditions and, above all, the indoor thermal-

hygrometric required values. At the same way of the heating, also the refrigeration was divided 

in high and low temperatures, the first one obtained by means of the water buried piles and the 

second one actively guaranteed using the cool generators (absorption and compression chillers). 

During the design phase, it was estimated that, for the summer cooling needs, could be enough 

the use of the high-temperature cooling obtained adopting the water buried piles, in order to 
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give cool water to the floor radiant panels. Only in order to cover and satisfy the peak 

necessities, the ventilation air would be supplied also in order to achieve a cooling effect.  

Really, during the operations, the Museum showed a thermal load, in summertime, three 

times higher than the estimated one (high internal artificial lighting and high endogenous – 

metabolic heat gains are the main causes), so that the cooling of the ventilation air became 

necessary, also in order to provide the not dispensable dehumidification. Presently the low 

temperature refrigeration (guaranteed by the chillers) provides around 80 – 85% of the overall 

cooling request. 

 

 
Figure 5.5.18 – High temperature and low temperature cooling energy production  

 Museum wing (source: FBTA for EnOB) 

 

In figure 5.5.18, the cooling energy needs, both in terms of low temperature and high 

temperature fluids, have been reported, with reference to the years 2007 and 2008. During the 

2008, it is quite evident the reduction of the low-temperature cooling (active chillers). Anyway, 

it is important to underline that, during the spring 2008, the passive cooling system by the water 

piles didn’t operated, and the reasons are not well known. 

 
VENTILATION. Usually, the energy required for the building ventilation represents a significant 

part of the building energy demand, above all in the old buildings where an optimal air 

distribution is not so easy to obtain, so that the air transport, by means of electrical fans, plays a 

great role about the electric (i.e. high-primary) demanded energy. With reference to Museums, 

there are not significant reference values about an efficient ventilation, while, for example, in an 

energy efficient office building, the limit of 25÷30 kWh/m2a (primary energy) could be 

considered as a reference.  

As regards the Museum Ritter, the medium value of the electric energy required is around 

50 kWh/m2a in terms of electric energy, and so around 3 times higher considering the 

conversion in primary energy (≈ 150 kWh/m2a), and it represents a value 4 – 6 times more 

elevated compared to an energy efficient office building. The air mass flow rate is of 24’000 
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m3/h (nominal value), and the original ventilators had an output power of 4 – 5.5 kWh, with an 

efficiency ratio around 0.4 Wh/m3. 

With reference to the Museum Ritter, each zone is equipped for a specific control of 

heating, cooling and ventilation, with the airflow amount regulated inside specific boxes, 

provided with ventilation adjustable dampers. During the winter 2007, the mean opening of the 

dampers was 65 – 75% of the nominal airflow, while in the following year (2008), in the same 

period, the single room dampers induced a flow rate significantly lower (around 45 – 50%). 

About the heat recovery system, a perfect evaluation of its efficiency cannot be estimated, even 

if, evaluating the operating conditions (outside air and thermal-hygrometric characteristics, re-

circulated airflow and its thermodynamic conditions, etc.) a mean energy efficiency of 70% 

could be evaluated.  

With reference to the summer 2008, it has been estimated that about 20 – 25% of the 

cooling energy requests was due to the air dehumidification.  

 
LIGHTING. As regards the office building applications, there are several standards usable as 

reference in order to evaluate the amount of energy for the artificial lighting inside a well-

designed construction; in particular, common values, for an energy efficient building, are in the 

range 10 ÷ 20 kWh/m2a. As regards the museum applications, no many information (standard 

or literature-derived) could be used as reference, so that, according to the DIN 18599, an 

approximate value of 40 kWh/m2a is here adopted as benchmark.  

Usually, according to international indications, in the exhibition rooms, two different 

targets should be obtained: 

1. a correct fruition of the artworks adopting the right level of the lighting parameters; 

2. avoiding possible damage deriving from the lighting effects (e.g. direct radiation). 

As regards the second aspect, sometimes, while for an office building horizontal 

luminance of 500 lux are quite typical, in a museum also values of 50 – 100 lux could be 

dangerous for the conservation of sensitive artworks. 

In the Museum Ritter, the kind of the collected artworks requires horizontal luminance of 

1000 lux, without any dangers deriving from this lighting amount. This luminance levels are 

usually obtained recurring to both natural and artificial lightings, even if the artificial lighting 

was designed (thinking to the evening hours) in order to be fully sufficient to provide a correct 

fruition. The installed lighting power results of about 40 W/m2, meanly considering the whole 

building.   

As regards the exhibition rooms, the adopted lighting equipment (lighting ceiling, natural 

light, “spot” reflectors) have been previously briefly described.  

About the monitoring, several electrical counters have been installed and, both in 2007 

and 2008, the electric absorption was much higher than the designed value. The average power 

results of 82 W/m2 during the 2007, 90 W/m2 with reference to the 2008, with a specific annual 

consumption respectively around 174 kWh/m2a and 192 kWh/m2a, considering about 2’100 

working hours with reference to each year.  

The total installed power is of 30 kW. About the daily consumption, this varies from 100 

kWh/d (in a sunny day) to 270 kWh/d (in a cloudy one).  
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The discrepancy between the design and the monitoring has to be researched in the 

required uniformity of the luminance, that, in this case, induces higher energy consumption. The 

artificial ceiling lighting requires much more energy compared to the designed one. At the 

ground floor, the power is quite constant, being not possible a good use of the daylight. 

The foyer of the museum meanly requires an artificial lighting of 9 – 12 kWh/m2, while 

the cafeteria induces a medium lighting specific consumption around 8 kWh/m2a, with a 

specific power of 17.5 W/m2.   

 

ENERGY REQUESTS OF AUXILIARY SYSTEMS. The cooling, heating and ventilation of the 

Museum Ritter are guaranteed by several distribution systems, and so air ducts, pipes and other 

hydraulic plants. Several fans and pumps are present, and these require relevant electric energy. 

The energy consumption due to the ventilation has been already described previously, and so 

now only the pump energy requests will be shortly introduced and explained. Totally, the 

Museum has 34 pumps, with an overall required electrical power equal to 1.65 kW.  

The single pump energy demand is too difficult to measure, so theses were grouped and 

studied as in the followings described: 

 primary heating installations: boiler pumps and pumps for heating of the low-

temperature heating area; 

 primary cooling equipment: pumps of the absorption refrigeration machine and for the 

buried pipe water flows; 

 museum heating: distribution pumps for the museum heating; 

 chocolate wing heating part: distribution pumps for the heating;  

 museum cooling: pumps for the cooling systems; 

 chocolate wing cooling: pumps for the cooling systems; 

 water heating: pumps for the heating of the hot water tank in Museum. 

Globally, the whole building requires around 12.5 kWhELECTRIC-ENERGY/m2a for the pumps; in 

terms of primary energy, it means around 34 kWh /m2a. These values are obviously too high, so 

that a better regulation of the systems has to be urgently implemented.  

 
INDOOR MICROCLIMATE. As above mentioned, the required thermal-hygrometric values of the 

air in this building are very strict and rigorous, in order to preserve the artworks, and, with 

reference to the chocolate wing, in order to guarantee the best product quality (in this last 

thermal zone, thus, the temperature has to not exceed 24 °C).  

With reference to the other zones - administration, service, foyer - of course the requests 

are different, being admitted, in these other spaces, larger ranges for the air temperature and 

relative humidity, and, above all, as regards their admitted fluctuations.  

In each exhibition room, mechanical thermo-hygrographs measure continuously the air 

thermal-hygrometric conditions. With reference to the exhibition rooms, several problems, as 

regards the air temperature, happened above all during the 2006. Also in the 2007, in two 

exhibition rooms, for 2’500 – 3’000 hours the thermal level exceed 22 °C, while in the other 

three exhibition spaces, for 1’500 – 3’000 hours, the temperature was below the minimum set 
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point of 20 °C. Of course, in both the cited case, also the relative humidity went out the design 

range (i.e. too low RH in the first case, too high in the second one). 

 

   
Figure 5.5.19 – Museum Ritter exhibition rooms: the placed thermo-hygrograph 

 

The most critical problem is, as regards the temperature and relative humidity control, the 

connection (always opened) among the several rooms of the museum, so that, even if the HVAC 

regulation works well, the communication and the airflow crossing the spaces determine 

perennial disturbs and perturbations.  

 

  
Figure 5.5.19 – Monitoring 2008: temperature and relative humidity in the Museum  

(source: FBTA for EnOB) 

 

Anyway, as regards the relative humidity excursions, these are usually contained in ± 5% 

with respect to the design set point. As regards the “landscape rooms”, here a different analysis 

is required, because of the very different load conditions characterizing these spaces. In 

particular, the large windows, despite the presents of external shading systems, induce quick 

changes within the indoor space, as regards the temperature and, thus, about the relative 

humidity too.  

Anyway, even if the mean indoor temperatures are higher in the landscape rooms 

compared to the exhibition rooms, during the 2008 much better results have been achieved with 

respect to the 2007, with a drastic reduction of the number of hours characterized by thermal 

levels higher than 22 °C (figure  5.5.20). However, in July, also temperatures of 24 – 25 °C 

were measured.   

 
 
5.5.6 CONCLUSION, POSSIBLE FURTHER IMPROVEMENTS, CONCEPTUAL OPTIMIZATION 

PROPOSALS 
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The Museum Ritter was designed with the aim to achieve optimal energy performances, 

by means of a large use of renewable energy sources, very well adapted in this kind of 

applications because of the high specific energy consumptions characterizing the Museums. 

Even if significant targets have been anyway obtained, after two years monitoring, the results, in 

terms of energy performances, show quite high energy requests, due to the rigorous required 

indoor conditions, as regards the lighting, ventilation, and, above all, indoor temperature and 

relative humidity. 

The Museum Ritter overall energy request (primary energy) results equal to 380 

kWh/m2a and 340 kWh/m2a, respectively with reference to 2007 and 2008. Thus, it is quite 

evident that, even if a good improvement under the achieved energy performances has been 

obtained, actually the energy demand is still too high, around two times the value provided in 

the German technical standards (about energy efficient building) DIN V 18599.  

Thanks to the intensive monitoring, many causes of this “low” (compared to the high 

level of the adopted technologies) performances have been found, for example the 

unsatisfactory energy performances achieved by the absorption chiller during the 2007. About 

this, thanks to the strong monitoring, during the 2008, the manufacturer was been involved in 

the reparation of the refrigerator, well knowing the machine working critical aspects. After the 

improvement actions and reparations, during summer 2008 the absorption chiller gave surely 

better results, significantly reducing the work of the auxiliary compression chiller.  

Even if the performances achieved by the absorption refrigerator are quite good during 

the 2008, with satisfactory COP, unfortunately this is not enough in order to minimize the use of 

no-renewable energy sources, which remain largely applied. Also the use and the performances 

of the solar collector plant evidence all the complexities characterizing a solar cooling system 

(above all as regards the integration and the perfect synergy among the several components, i.e. 

solar collectors, storages, absorption and compression chillers, hydraulic circuits, pumps, 

regulations and so on …). 

Furthermore, the Museum Ritter experience evidences how the control and regulation of 

the technical systems can influence the energy performances, requiring a well useful adaptation 

to the several part load conditions. Also simple actions, e.g. a fan substitution, could largely 

penalize the required energy; in particular, this event happened during the 2008, when a fan was 

replaced and changed with a greater one, without correctly setting the air volume flow 

controller, and then the required electric energy (i.e. high primary energy conversion factor) 

became twice compared to the previous period.  

Furthermore, the continuous and accurate monitoring suggested possible further 

improvements and conceptual optimization proposals.  

Surely, the main reason of the high energy request, in the Museum Ritter, is due to the 

artificial lighting, that requires around 44 % of the overall primary energy requests. About this, 

no many improvements could be thought and realized, if the required luminance levels remain 

the same requested at the present moment.  

About the heating energy needs, during the spring 2008, the primary energy system was 

completely re-built, changing the wood pellet boilers and implementing several modifications to 

the auxiliary equipments. Two technical improvements can still be realized, in particular as 
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regards the reductions of the energy losses due to the storage. During the 2007, the absorption 

machine used as heat pump gave very poor performances, so that during the following winter 

this was not used. After the adjustments during the spring 2008, now the absorption chiller 

could again be used also in wintertime, inducing significantly saving in the wood pellet required 

quantity (used to guarantee the hot fluid necessary for the absorber cycle). 

 
Table V.8: Museum Ritter – Main characteristics and Energy Performances (source: FBTA for EnOB) 

Year of Construction 2005 
Costs of construction  
 a) Building 972 €/m2 
 b) Technical systems 384 €/m2 
   
Dimensions   
 Gross Floor Surface 3'910 m2 
 Net Floor Surface 3'232 m2 
 Gross Volume 13'098 m2 
 Surface to volume ratio (S/V) 0.54 m-1 
Place 27, Alfred Ritter Strasse, 7111 Waldenbuch – Germany 
  
Energy performances  
 Primary energy demand –design 125 kWh/m2a 
 Primary energy demand required - 2007 384 kWh/m2a 
 Primary energy demand required - 2008 344 kWh/m2a 
   
Primary Energy  
2007 (kWh/m2a) 

Museum Cafeteria Visitor Center Administration 

Heating 29.6 51.6 20.8 6.1 
Ventilation 111.4 417.4 117.1 0.00 
Cooling 110.8 72.8 84.5 1.8 
Artificial lighting 235.8 225.5 107.6 18.2 
     
Primary Energy  
2008 (kWh/m2a) 

Museum Cafeteria Visitor Center Administration 

Heating 25.7 31.0 26.7 7.4 
Ventilation 111.7 318.5 191.1 0.0 
Cooling 63.9 19.3 17.7 1.2 
Artificial lighting 212.5 260.1 113.9 23.4 

 

A good use of the absorption chiller in wintertime has to guarantee, primarily, two 

targets. The first one consists into the use of renewable sources (pellets and solar radiation), the 

second, instead, is connected to the necessity of the soil regeneration in wintertime, 

downloading, into the ground, the thermal energy (cooling) useful in summertime, for the 

buried water pipe works (when a cool soil is necessarily required). In fact, when in the winter 

2008 the absorption chiller was not used, in the following summer the soil temperature was 

higher than the previous season, reducing the cooling potential of the geothermal system. 

Finally, other improvements have to be though about the indoor set-point conditions and 

humidity regulation systems. In fact, sometimes in wintertime, an indoor temperature level of 

22 °C was measured (and it is, evidently, too high) and often also contemporaneous cooling and 

heating (with enormous energy waste) were evidenced by the monitoring.  

About the cooling needs, instead, after the necessary modifications of the absorption 

chiller during the spring 2008, now it offers good performances; further improvements could be 

realized installing new more efficient components, for example pumps and other circulation 

systems. Other minor actions could be applied on the optimization of the coupled work of the 
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absorption and compression chillers (e.g. better controlling the hydraulic circuits and the work 

of the circulators).  

On the other hand, a great improving potential interests the cooling effect obtained using 

the buried water pipes. In particular, the poor performances of the hydraulic system, until now, 

induced energy performance much minor than the technical possible one. 

As regards the ventilation, during the summer 2008, a very simple (and effective) 

optimization action was realized, turning off the system because the outdoor air conditions were 

quite favourable. Thus, a total energy saving was achieved. About the exhibition spaces, here 

the problem is more complicated; in particular, the greater question regards the volumetric 

airflow control system.  

The Museum Ritter experience provides some suggestions and advices for future designs 

and planning. In particular, the lack of separation among the several spaces induced several 

problems, regarding the lighting requests and regulations, the artwork preservation and 

perturbations in the thermal-hygrometric conditions. 

Also the combined use of artificial lighting and daylight, even if it offers elevated 

potentialities, requires more effective control systems. In the Museum Ritter, the solar shadings 

of the roof structures offer good performances in the management of the solar radiation (and 

connected overheating) in summertime, even if, also in this case, a better control has to be 

thought, in order to guarantee the best compromise between daylight and heat gains. 

As regards the heating need, the heat storage boilers caused elevated energy losses. In the 

future, a different control and workings can be planned, so that one or more wood pellet boilers 

balance the basic thermal load, while the other boilers cover the medium and high peak loads.  

About the cooling, when the choice is oriented towards an absorption chiller, especially 

when coupled with a solar cooling system, it is important a well-adapted choice of the 

refrigerator kind. In particular, it could be useful selecting a chiller characterized by a low 

electrical consumption, even if this would induce a worse COP; this because, considering the 

conversion in primary energy, the electrical requests has a great weight. 

Finally, as regards the ventilation, also in this case the great communicability inside the 

Museum Ritter causes a bad control of the airflow supplied into the single room; in fact, 

because of the connections (no doors) with the other spaces, the environmental control, under 

several points of views (perfect climatic control, desired air-change per hours, lighting 

control…) becomes very difficult. Therefore, the closure of the spaces can be a good strategy.  

Also about the supplied airflow, the Museum Ritter control system results too complex, 

coupling a temperature-based strategy with the demand ventilation, variable in function of the 

CO2 levels inside the spaces.  

Moreover, also the idea of the solar system requires a perfect planning and execution; in 

fact, the complexity of the system, if not correctly managed, could induce higher energy 

requests instead of savings. 

Globally, even if the higher energy demand is due to the exhibition rooms, also in the 

chocolate side, the continue modifications and alterations with respect to the original design 

induced some defects also in the technical service workings. Anyway, the following and future 

monitoring, after the last optimization actions, will give more exhaustively information about 

the performances presently achieved.  
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At the present moment, according to the FBTA (University of Karlsruhe) investigations, 

the primary energy saving potential is around 30% compared to the present value, without 

recurring to other technological equipments.  
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CONCLUSIONS: THE CARRIED OUT STUDY AND THE MAIN ACHIEVED RESULTS 

 

The Thesis presented the main methodologies, targets and results carried out during the 

Doctorate studying period spent by Fabrizio Ascione at the DETEC (Department of Energetics, 

Applied Thermo-fluidodynamics and Environmental Conditioning of the University of Naples 

Federico II).  

The main targets of the research activities have been oriented towards the optimization of 

the various components of the building-plant system, in order to reduce the energetic requests of 

the civil sector of the Italian buildings. The topic of the reduction of the carbon dioxide 

emissions is closely connected to the energy savings, with beneficial consequences also on the 

climatic changes. This because, with respect to the overall energy demand, the building sector is 

the greatest user, with a specific request equal to around the 40% of the total energy consuption, 

both with reference to the Italy and to the all European countries. 

Starting by the Energy Performance of Buildings Directive - 2002/91/EC - and the related 

Italian rules (Legislative Decree 192/2005, Presidential Decree 59/2009 and Ministerial Decree 

26.06.2009), the first part of the Thesis analysed calculation procedures and methodologies, 

such as established by the CEN (European Committee for Standardization). Then, in a second 

part, the document investigates the energy efficiency of the Italian and European building 

stocks, identifying critical aspects, performances and solutions useful in order to improve the 

energy uses. All the carried out studies, with reference to dwellings and social housing, office 

buildings and museums, evaluate the energy performances both of the building envelopes and of 

the active systems here installed, as regards the main energy uses due to the heating, ventilation 

and air-conditioning of the indoor spaces. Furthermore, the studies have been coupled to 

technical-economical evaluations, in order to purpose useful solutions under both the energy 

and economic points of view. 

As above mentioned, three different kinds of building typologies have been considered. 

In particular, the selected uses of the architectures (i.e. residential, office and museum buildings) 

have been chosen because these are well expressive of the various peculiarities characterizing 

the building stock. This notation underlines, immediately, a first limit of the Italian present 

legislation, quite indifferent, as regards the mandatory requirements regarding the energy 

performances, to the several and different building destinations.  

The residential buildings represent the higher part of the European and Italian 

architectures, requiring around the 70% of the civil sector energy needs and, considering the 

whole European Union, around the 27% of the total energy demand. This kind of buildings has 

been mainly built in the period 1950 – 1980, consequently to the great demographic expansions 

of the European cities, with poor attention to the environmental sustainability. Therefore no 

concepts of energy efficiency have been adopted (e.g. as regards the envelope thermal 

insulation or about the heating system efficiency).   

Even if quantitatively less significant, the office buildings are characterized by 

peculiarities, above all as regards the summer energy requests, very critical under the energy 

efficiency point of view. In particular, the offices usually present boundary conditions very 

specific, above all as regards the high crowding, the great glazed surfaces, the significant 

installed equipments, with summer conditions quite critical, both with reference to the full air-
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conditioned buildings (i.e. → high cooling requests) and to naturally ventilated ones (i.e. → 

absolutely unsatisfactory indoor temperatures). Finally, the last investigated subject regards the 

Museums, characterized by operative conditions quite critical, in particular because of the 

continuous use of the HVAC systems (24/day during the whole year) and the very strict 

microclimatic necessities. In particular, for this kind of building, rigorous managements and 

limitations of the usual thermal-hygrometric fluctuations, commonly admitted in other kinds of 

building use, are required. Moreover, also a strict control of the latent loads, above all in 

summertime, becomes mandatory for this application, being the relative humidity the 

environmental parameter mainly responsible of the artwork conservation.  

With reference to anyone of the above-cited building uses, in the followings the main 

studies and results are synthetically reported. 

 

RESIDENTIAL BUILDINGS: THERMOPHYSICAL PROPERTIES OF THE BUILDING ENVELOPE. The 

analyses estimate the effects of the new technical standards and laws today into force, both as 

regards the energy effectiveness of the new dispositions and prescriptions, and relatively to the 

evaluation of the appropriateness of the established calculation methodologies. In particular, the 

main carried out studies concern:  

 new dispositions related to the energy request limitations in winter and summer times; 

 energy indicators and connected admitted limits such as established by the legislator; 

 effectiveness of imposed high thermal capacity of the building envelope structures; 

 poor attention to the techniques for the thermal mass discharging; 

 omission of indications as regards the external coating of the building envelope. 

 coexistence of different renewable energy sources in buildings. 

The main obtained results evidence a not complete effectiveness of the limits set up by 

the Italian legislator, above all as regards the energy requirement of the buildings during the 

summer season. In particular, the Italian laws fixed limits to the building cooling needs, 

adopting only two different values (EPe,invol < 40 or 30 kWh/m2year), differentiated on the 

basis of the winter degrees-day of the geographic location, thus without any consideration of the 

real summer climate and without diversifying the achievable performances with respect to the 

building surface-to-volume ratio. This last geometrical characteristic of the building (well 

considered in wintertime for the evaluation of appropriate limits to the thermal dispersions) is 

not taken into account in summer, while, just during the warm season, its role becomes 

predominant, being the thermal performances of a building strongly connected to the amount of 

sun-exposed surface. An alternative criterion, accompanied by a numerical validation, has been 

proposed for a better evaluation of the minimum performances, considering quantity (amount) 

and quality (exposure) of the surface-to-volume ratio. Furthermore, the method proposed for the 

evaluation of the EPe,invol maximum admitted value also considers the real summer climates, 

accurately evaluating the external temperatures and solar radiation. 

Other studies investigated the effectiveness of the new legislative measures as regards the 

limitation of the indoor environment overheating in summertime and the reduction of the 

building cooling need. The carried out research underlines only a partial usefulness of the 

prescriptions that impose high thermal capacity (or a low periodic thermal transmittance) of the 

building envelope components. In fact, the present impositions, suitable for reducing the indoor 
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thermal load peaks and apt to guarantee a satisfactory time lag of the thermal wave, are quite 

ineffective as regards the seasonal cooling energy saving. Therefore, the studies have been 

centred on individuation and proposition of integrative measures, in order to improve the actual 

legislative frame, in particular relating the building envelope thermal capacity to the building 

use. Furthermore, the studies evidence the usefulness of the mass activation, suggesting also 

several techniques, such as the nocturnal radiative cooling and nighttime ventilation. Moreover, 

other possible improvements have been tested and proposed, such as the variation of the 

radiative characteristics of the external envelope surfaces (high solar reflective and/or high 

infrared emissive) in order to reduce the summer cooling loads and the indoor thermal levels in 

summertime. The building facades are interested by degradation phenomena and therefore these 

are periodically renovated. In order to minimize the energy building needs, the analysis 

evaluated the different performances of various external coatings typologies for opaque vertical 

walls and roof structures, such as low-emissive type, metal type, brick type, and those with 

traditional plasters; in order to optimize the needs of the building-plant system, the evaluations 

have regarded also the winter period.  

With reference to existing buildings, a simple innovative climatic index (SF – Surface 

Factor) has been proposed, useful to identify the energetically best external coatings as a 

function of the outdoor climatic characteristics. In presence of heating and cooling systems 

installed in the buildings, for the cities with high solar irradiation and/or low winter degrees-

day, cool paints are more convenient, while the opposite results have been obtained for cold 

climates. Finally, the influence of the building envelope thermal inertia on the summer cooling 

energy requests has been evaluated, measuring the contemporary effects of the wall mass, 

surface radiative characteristics and indoor ventilation. For climatic zones in which the summer 

outdoor temperature during the night is lower than the indoor one, significant energy 

convenience of high thermal inertia envelopes has been obtained only when the use of massive 

walls is coupled to night ventilation. As regards the diurnal ventilation, it is strongly penalizing 

if used in presence of massive walls, making inefficacious the benefits due to the building 

thermal inertia. 

Moreover, also other several critical aspects, regarding the Italian new energy laws 

referred to the building energy efficiency, have been investigated, both with reference to the 

legal and procedural aspects. In particular, the role played by the glazed surface in wintertime 

(not penalizing, as regards the energy balance, if well-exposed) and the compatibility of 

different renewable sources (critical with reference to the intensive suburban housing) have 

been analysed.  

The achieved results, sometimes well-correspondent to the knowledge of the specific 

technical literature, sometimes quite significant about the underlining of some deficiencies and 

defects of the Italian context, have been reported in order to stimulate new investigations and 

reflections in the national technical community. 

 

OFFICE BUILINGS: PASSIVE COOLING TECHNIQUES FOR THE COOLING LOAD REDUCTION. The 

service sector requires energy needs, with reference to the necessary energy uses (heating, 

lighting, ventilating and, above all, air-conditioning), not sustainable. In particular, the usual 

elevated radiative loads, the high endogenous thermal gains (due to the high specific crowding 
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and high density of installed electrical equipments) induce energy demand particularly elevated 

in order to cool the indoor space. On the other hand, with reference to naturally ventilated 

buildings, these peculiar characteristics determine critical conditions as regards the indoor 

thermal levels. The peculiarities of the office buildings, thus, require specific solutions, by 

means of a design approach completely different with respect to methods and solutions well apt 

with reference to residential applications. Therefore, an important part of the studies reported 

into the Thesis (carried out also in collaboration also with the institute FBTA - Institute of 

Building Physic and Building services - of the University of Karlsruhe) has investigated the 

potential of several passive cooling strategies. In particular, with reference to simulated office 

buildings, designed according to the most recent German and Italian standards and energy 

regulations, the achievable energy performances have been investigated. The analyses showed 

that, with reference to European climates, while the present legal prescriptions result very well 

suitable in order to reduce the winter heating energy requests, the imposed verifications are 

instead very low effective as regards the summer period performances. 

 In particular,  buildings that full respect the present regulations about the summer energy 

performances (limited sun exposed transparent surfaces, correct exposure of these, adoption of 

quite low solar transmittance glazing, high mass of the building envelope, elevated time lag 

effect, low attenuation factor) do not results apt in order to reduce the cooling energy demand.  

Therefore, several passive cooling strategies have been defined, optimized and analyzed. 

In particular, the different solutions are based on different heat transfer phenomena: movable 

insulation of the roof and of the vertical walls (envelope radiative cooling acting from the 

external side of the building), nightime natural ventilation (envelope convective cooling, acting 

from the internal side of the building), earth-to-air heat exchanger (indoor space convective 

cooling during the diurnal hours). All the passive cooling solutions have been implemented in 

simulated office buildings, carefully considering the different thermal zones, being floor and 

exposure strongly influent on the achievable performances. A first analysis, with reference to 

specific thermal zones of the buildings and for various climatic regions, identified the best 

adoptable solutions; then a second study coupled the best passive cooling techniques, in order to 

optimize the building energy performances. With reference to Mediterranean climates, the 

various passive cooling strategies evidenced important reductions of the cooling loads, even if 

these could be limited but not nullified. On the other hand, the climates of the central and north 

Europe determine a great potential of the passive solutions, which provide, when well-designed, 

satisfactory thermal comfort also in naturally ventilated buildings, according to the adaptive 

comfort criteria.  

Thus, as regards the service sector buildings, the Thesis purposes investigation methods 

and technical effective solutions for the reduction of the summer cooling energy requests in full 

air-conditioned offices and as regards the improvement of the indoor thermal conditions in 

naturally ventilated buildings. In particular, in all the considered European climatic regions, the 

studied evidenced a good potential of the ground cooling by means of buried ventilation pipes, 

so that a deepening has been carried with reference to the Italian climate. With reference to 

three climates expressive of different Italian weathers (Naples, Rome and Milan), the energy 

performances of an earth-to-air heat exchanger have been deeply evaluated both in summer and 

winter. In particular, a large parametric analysis, regarding the influence of different kind of 
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soils and ground, the flow characteristics inside the tube, the airflow rate, the length and depth 

of the buried pipes, the control strategy has been realized. The results showed that wet/humid 

soil ensures best performances, while the pipe material does not represent a strongly incident 

parameter, since the tube thermal resistance is always low. As regards the tube length, the 

improvement achievable adopting very long tubes is not relevant., while the costs (ground 

moving and pipes) could be much higher. As regards the tube depth, a time temperature profile 

with a phase constant around six months is better than a quite constant value throughout the 

whole year, even if a good compromise between costs and thermal recovery is achieved with a 

profoundness around 3 meters. Fixing the airflow rate, low air speeds are preferable, because 

the pressure losses are reduced and the thermal exchange surface is maximized. In summertime, 

an increase of the air-changes determines better performances, while in winter, the best solution 

consists in providing the minimum outdoor airflow necessary to guarantee a satisfactory indoor 

air quality. The extra-cost due to the adoption of intake fan instead of exhaust one (being lower, 

in this second case, the supply air temperature) is not relevant. Despite very significant 

coefficient of performances, the economic analyses denounce the necessity of a rigorous design, 

in order to reduce the systems costs, above all those related to the ground moving and to the 

tube material. 

 

MUSEUM BUILDINGS: ENERGY SAVINGS AND TIME AND SPATIAL STABILITY OF THE INDOOR 

MICROCLIMATE, ADOPTING INNOVATIVE HVAC SOLUTIONS. With reference to the museum 

environment, for this kind of application the energy efficiency has to be coupled to a necessary 

strict control of the indoor microclimate. The time and spatial stability of the values assumed by 

microclimatic parameters should be assured first of all for the environmental protections of the 

cultural artworks and, secondarily, for the thermal and hygrometric comfort of the occupants. 

Thus, the particular boundary conditions impose a very arduous design, also considering that, 

often, the same buildings are characterized by an artistic value and it imposes a lot limitations, 

both as regards the envelope and regarding the active systems here installed.  

These several difficulties have been investigated, analysed and sometimes solved in the 

last part of this Thesis. First of all, suitable air-conditioning systems are necessary. Considering 

the need to control the indoor microclimatic parameters twenty-four hours per day, during all 

the year, the HVAC system annual energy request is usually very high: thus the design aim is 

the obtainment of useful energy savings and, at the same time, the requested microclimatic 

target conditions.  

Generally, all-air systems are particularly well-adapted to the museum requirements: in 

fact, using this type of systems, the risk of leaks from overhead or decentralised equipments is 

avoided, as well the possible breaks of water/steam pipes over and within the exhibition areas. 

On the other hand, all-air systems could present problems related to their integration in 

historical buildings due to the considerable space taken up by their equipments. 

The carried out studies present energy analyses of different HVAC solutions, using the 

dynamic energy performance simulation and comparing both the energy requests and the 

microclimatic control achievable adopting several air-conditioning configurations, in particular 

equipping a constant all-air volume system with dehumidification by adsorption (desiccant 

wheel), total energy recovery ventilator (enthalpy wheel), outdoor airflow rate variation, 
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enthalpy air economizer. The use of desiccant module, enthalpy wheel and demand control 

ventilation provide significant annual energy cost savings with respect to a traditional air-

conditioning system. The chemical dehumidification shows optimal performances in case of 

strict hygrometric control. In cold and dry climate zones, the use of desiccant wheel show 

energy savings minor than the enthalpy wheel. Important energy savings are also obtainable if 

larger indoor relative humidity range can be accepted for the artwork conservation. As regards 

the thermal-hygrometric performances, the relative humidity control is generally more critical in 

summer conditions; about this, the desiccant wheel guarantees, usually, the best performances. 

Further investigations are necessary for the demand control ventilation, because it provides the 

highest energy savings but appears not optimal as regards the microclimatic control. 

Then, adopting a different kind of numerical analyses, the spatial uniformity of 

microclimatic parameters inside typological exhibition rooms has been evaluated. The flow rate 

and thermal-hygrometric conditions of the supply air, calculated to balance macroscopically 

cooling and heating thermal loads, do not guarantee the design microclimatic parameter values 

in each region of the exhibition spaces. Thus, the accurate designing of air diffusion systems 

becomes an essential practice inside the planning activity relative to the museum environment. 

Therefore, Computational Fluid Dynamic investigation techniques have been adopted in order 

to evaluate the performances of various air diffusion equipments, considering different part load 

conditions. In order to avoid short-circuits, when the conditioned air is supplied from the 

ceiling, always down-placed extraction grilles are preferable. Globally estimating indoor 

temperature, relative humidity and microclimatic uniformity, the air diffuser types that show the 

best average performances are those characterized by high induction (swirling diffuser, nozzles, 

slot stripes). This event is verified because such diffusers are characterized by the best 

capability in containing the vertical stratifications, so that they can be a very suitable solution 

when the inner heights are elevated. Thus, considering that relative humidity (related to both 

thermal level and air moisture content) is the most influent indoor microclimatic parameter for 

the conservation of the artworks, the use of high-turbulence diffusers represents a quite good 

design solution, even if specific studies are necessary as regards the air-velocity into the indoor 

environment (i.e. air speeds lower than 0.12 m/s are preferable in the occupied region).  

Finally, during a study period spent at the University of Karlsruhe (at the above-cited 

FBTA Institute), the theoretical studies have been accompanied by an operative experience. In 

particular, considering the EnOB targets (i.e. Energy Optimized Buildings, a research program 

on demonstration buildings funded by the German Government), some studies have been carried 

out with reference to the innovative building of the Museum Ritter in Waldenbuch. These 

studies interested the design of the adopted high efficient energy solutions. In particular, solar 

thermal energy by means of evacuated collectors, solar cooling systems, biomass adoption, 

geothermal cooling, total heat recovery and, finally, the high photovoltaic electric generation do 

this building well expressive of the state of art of the present building science and technology. 
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