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Executive summary 

 

Shopping malls are high energy demanding buildings mainly due to lighting, refrigeration and 

HVAC system consumption. Retrofit measures have a big potential for energy savings when 

adopt more efficient devices and overcome the implications of the simultaneous operation of 

heating and cooling, the lack of the control and monitoring system, the non-exploitation of heat 

fluxes and thermal cascade and the coupling with refrigeration. To be implemented, renovation 

measures have to involve the different needs of the stakeholders present in shopping malls: 

managers and owners, tenants, customers and community. The resulting benefits can be 

quantified not only in terms of energy savings and performance system improvement, that is 

operational costs reduction, but also in increase of internal comfort (enhancing customers’ 

retail experience) and building real estate value. 

The performed research gives an overview of the most common heat recovery systems, viable 

for shopping mall cases, including an analysis on the potential of wasted and unrecovered 

energy and the improvement of control strategies that facilitate the systems interaction. 

Beneficiaries of this work will be both experts of buildings and energy system simulators, 

building and HVAC and refrigeration systems designers, as well as shopping mall owners and 

managers.  

We investigated suitable heat recovery systems for shopping malls applications, identifying a 

procedure for the evaluation of the most appropriate solution. We collected some best practice 

examples on the application of heat recovery solutions, useful to understand typical situation 

in shopping centres. Moreover, we developed a list of control strategies applied to different 

shopping centres systems. Finally we performed a review of the most common generation and 

distribution systems, reporting advantages, disadvantages and possible applications.  

Several heat recovery systems are already present into the market. Most of these are applied 

for the recovering of energy from the exhaust air and therefore, applied to the ventilation 

system. Restaurant fumes or boilers smoke represent another source from which it is possible 

to recover heat. In cases of shopping malls with different simultaneous loads, variable 

refrigerant systems or water loop circuits allow transferring heat from heat rejecting zones to 

heat demanding ones. Application of water loops is the case where the heat pumps of the 

different zones use as sink/source the water loop circuit.  

The adoption of one solution with respect to another one depends on different facts, first of all, 

the compatibility between sink and source. In this way, waste energy can be converted in 

recovered heat. 

The analysis of a feasible heat recovery system implementation implies an evaluation process 

through 4 steps: i) technological factors enabling potential integration of a waste energy heat 

recovery system; ii) operational factors that control the heat recovery system feasibility with 

the working conditions of sink and source; iii) complementary factors that identify the 

restrictions affecting the intervention success; iv) evaluation enabling to compare and rate the 

different possible solutions. 



 
 
 
 

 
 

6 

D4.2 - Retrofitting technologies, solutions and scenarios 

A base reference case of heating, cooling and electricity production layout can be improved by 

adding recovery systems, renewable sources and more performant devices.  

The only installation of systems with improved performance or integrated with renewable 

energy sources does not automatically imply also not-renewable energy savings. What instead 

allows enhancing the system performance and guarantee a comprehensive optimal functioning 

of the whole system in a shopping mall is the control system. The improvement of generation 

and distribution energy systems performances, internal comfort and energy savings can be 

reached if the installed systems (HVAC, refrigeration, lighting, storage and others) are 

controlled in an appropriate way. Advantages of using a centralized control system able to 

receive inputs from the systems and give feedback include a rational use of devices, increase 

of the comfort, energy savings, reduction of breakdown (faults), extension of devices lifetime 

and savings in the maintenance.  

Especially in complex systems as shopping malls are, where refrigeration, lighting, HVAC 

system, electric storage, PV, ventilation act on the same building, the control system becomes 

a key. Shopping malls ad hoc developed control strategies can improve the overall system 

performance, avoid system inefficiencies or conflicting working modes. 

In support of the control strategy development, dynamic simulations can assist during the 

design and operation phase of a renovation. In fact, the modelling of all the systems of a 

shopping mall allows to assess the energy demand, final consumptions and systems 

performance. Moreover, the implementation of a renovation measure has effect also on the 

other systems. The analysis of the interactions between the different systems enables to 

estimate with more precision the expected savings, avoiding double accounting of the same 

effect. In addition to this, control algorithms can be first tested in simulation and then 

implemented in the field. Once monitored data are available, numerical models can be 

calibrated and improved control strategies re-implemented. 
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1. Introduction 

The potential of energy use reduction of existing shopping malls, through redesign and 

reorganization, is very high. They are complex systems, therefore retrofit actions have to take 

into consideration the different stakeholders who can profit of them. Referring to the deliverable 

D2.5 [1] four categories of stakeholders with different needs can be identified: owners and 

manager, tenants, customers and community. Any retrofit measures should be economically 

convenient or contribute to comfort quality or esthetical aspect improvement. 

The main inefficiencies to be faced during an energy retrofit are related to: lighting, HVAC 

system, refrigeration and architecture. For the first three systems, the only replacement of 

equipment with more efficient ones is not sufficient for achieving significant energy 

consumption reduction. A key role in complex systems is in fact covered by the control. Good 

building operation and quality control help in individuating malfunctioning and avoiding 

concurrent working modes. 

The study of systems like shopping malls where the behaviour of a part of the system influence 

the whole building system needs to be carried out through specific assessment tools. A 

methodology developed within the CommONEnergy project for the building modelling and 

performance figure assessment is shown in the deliverable D4.1 [11]. 

While the forth inefficiency referred to the architectural aspect is not treated in this document, 

the other three will be tackled in terms of solutions for coupling opposite loads and control 

strategies for integrating different systems. 

The CommONEnergy project has not investigated innovative HVAC systems. However, 

Appendix 1 reports the most common generation and distribution systems used in shopping 

mall as a repository of available technologies. For the distribution solution, advantages, 

disadvantages and applications are reported. Designers and installers can refer to that section 

for choosing the most appropriate equipment for the specific application. 

When the single parts of a shopping mall are treated separately disregarding the connections 

they have, there is a potential of wasted and unrecovered energy that can be exploited. Section 

2 reports the main technologies that can be applied for heat recovery systems, depending on 

the source and sink of the heat. Based on an analysis on the generation/distribution layouts 

and their working conditions, section 3.1 describes an analysis process for assessing the 

possibility of a heat recovery system. In particular, the feasibility of wasted energy recovery is 

evaluated on different factors basis: environmental, structural, technical, operational and 

economic.  

Due to the key role that control strategies have on the energy consumption reduction both for 

the integration of different systems and the supervision during the operation phase, section 4.1 

reports the control rules developed within the CommONEnergy project while section 4.2 

collects some examples where these control rules can be applied. 
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2. Heat recovery technologies 

In the following paragraphs, the most common heat recovery systems used for recovering 

energy in shopping malls are described. The first paragraph concerns technologies applied to 

the ventilation system; the second presents solutions that involve different areas of the 

shopping mall while the third section reports on other heat recovery applications as recovery 

from the restaurant fumes or boilers. 

2.1. Main heat recovery systems suitable for recovering exhausted 

air energy in shopping malls 

In turn to maintain an appropriate level of indoor air quality (IAQ), a certain amount of air 

exchange is requested, also producing an increased energy consumption. The heat-recovery 

air extraction in air-conditioning systems allows to maintain adequate indoor air quality without 

penalizing energy systems that provide hydrothermal properties of air driven to the premises. 

The use of heat-recovery air-conditioning installations can use the residual sensible and latent 

heat from the process itself, achieving to reduce the investment costs and the reduction of 

energy consumption operation. 

In general, waste heat recovery systems are thermal exchangers which may involve heat and 

mass flows. 

According to EN 308, the recovery efficiency (heat exchanger) is defined as: 

 

 
Figure 1 - Scheme of energy recovery in air conditioning system 
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Where: 

T and W are the efficiency calculated by using temperatures and absolute humidity, 

respectively; 

Te1, We1 are the temperature and the absolute humidity of the outdoor air; 

Te2, We2 are the temperature and the absolute humidity of the supply air to the shopping mall 

at conditions after the heat recovery; 

Tr1, Wr1 are the temperature and absolute humidity of the exhaust air extracted from the 

shopping mall. 

 

The energy recovered from the exhaust air in shopping malls is greater when: 

a) The flow of air extracted from the building is high. 

b) The hours of operation of the system is high.  

c) The summer season is characterized by a high number of hours with high dry bulb 

temperatures and relatively high wet bulb (high “ΔW”) and the winter season by a large 

number of degree-days (high “ΔT”). 

Moreover, thermal difference ΔW and ΔT are related to the efficiency of recovery systems; the 

minimum efficiency in dependency of these is prescribed by standards (EN 308): 

 

Table 1 - Minimum efficiencies in sensible heat about the outside air (%) and maximum loss of pressure (Pa) 

according to the flow of outside air (m³/s) and the annual hours of operation of the system 

 
 

A number of manufacturer boldly state that their system has a 90 or 95% efficiency which 

generally refers under ideal circumstances, conditions that are not available to most of the 

scenarios. According to the “Carbon Trust”, the average range of efficiencies of heat recovery 

systems vary from around 50% to 80% as maximum. 
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Heat recovery ventilation system 

Mechanical Ventilation with Heat Recovery (MVHR) is a whole building ventilation system that 

both supplies and extracts air throughout a property.  It offers a balanced low energy ventilation 

solution for new buildings and re-uses up to 95% of the heat that would have otherwise been 

lost. 

 

 
Figure 2- Operation of the Heat Recovery Ventilation 

 

When 100% of ventilation is needed to be provided through purposely installed systems, 

heat recovery offers major benefits to both the shopping mall and occupants (tenants, 

clients...). 

 

 Plate heat recovery system 

These static exchangers are constituted by a rectangular casing open at both ends, whose 

cross section is subdivided into multiple passages in a cell configuration formed by an array of 

plates (plastic, cardboard, paper or metal) materials. Every two adjacent plates form a small 

duct for air extraction or impulsion. The impulsion air passes through one side of the plate and 

the exhaust air through the other, carrying out heat exchange between flows. 

 

Figure 3 –Plate heat recovery system [4] 
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As main drawbacks, it can be pointed out high pressure drops and condensation that can 

cause corrosion and risk of appearance of ice when outdoor temperatures are very low. Plate 

heat exchangers offer a maximum efficiency of 80% with normal variations between 55 and 

65%. 

 

 Rotary heat recovery system 

With waste heat, desiccant cooling systems become extremely efficient while providing the 

additional benefit of independent temperature and humidity control. 

In this technology, a wheel rotates, absorbing and transferring energy from an exhaust air 

stream to an intake air stream. Either warm air is cooled or cool air is warmed, depending on 

the need. The air streams can be directed in either parallel or counter flow patterns, whichever 

is most convenient. 

Wheels are among the most effective of energy recovery systems, operating at 50 to 85 

percent efficiency, depending on application type. However, they require a good filtration 

system to optimize energy transfer. 

 

 

 
Figure 4 - Rotating wheel scheme [4] 

 Heat pipe 

The heat pipe technology recovers the waste heat from flue gases now vanishing into the 

atmosphere and converts it into useable energy. This recovered heat may then be utilized in 

several different applications depending on process requirements.  

Heat pipes are made up of three or more tubes that are not interconnected. The tubes are filled 

with a heat transfer fluid and permanently sealed at both ends. The pipe is divided into two 

sections, a condenser section and evaporator section, which are separated by a partition plate. 

The air streams can be set up in counter-flow or parallel flow patterns. 

Heat pipe energy recovery systems are sensible devices with efficiencies ranging from 45 to 

65 %, although they can produce a fairly high efficiency rating of 70%. Efficiency can be 

lowered by the pressure drop of moving air through each side of the system. 
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Figure 5 – Scheme of a heat pipe [5] 

One of the advantages of a heat pipe energy recovery system is that there is no threat of air 

stream cross contamination, allowing the system to be used where high air pressure 

differentials exist between the two air streams. 

 

 Run-around loops 

Run-around loops offer an energy recovery solution for the many applications where the 

exhaust air stream is far from the ventilation air stream, making it difficult and expensive to use 

other methods. They can be built from a variety of materials with efficiencies ranging from 55 

to 65 percent. 

Run-around loops, also known as coil energy recovery loops, use a coil placed in each air 

stream that are connected by pipes filled with a heat transfer fluid, generally a glycol solution. 

A pump transfers heat from the exhaust air stream to the incoming ventilation air. This type of 

system is for sensible heat transfer only. Because the two air streams are separate units, there 

is no threat of exhaust contamination. 

 
Figure 6 – Functional scheme of a run-around loop [4] 
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2.2. Energy transfer between areas of the building, main applications 

in shopping centres 

 

The following paragraphs present other solutions of re-use of wasted heat that do not involve 

air flows but mass transfer. Examples are variable refrigerant flow systems and water loops. 

 

 Variable refrigerant flow systems 

Variable refrigerant flow systems are air conditioning units (direct expansion with multiple 

system) that, as the name suggests, bases their operation on  providing the refrigerant flow 

required by the installation at all times (by using inverter systems), depending on demand 

requirements. By using the inverter, temperatures can be maintained at part load very close to 

the setpoint (± 0.5 °C) resulting in partial load (which is like an installation works for the largest 

percentage of its operation) with very high savings (around 20% of the energy demand). 

 

 
Figure 7 - Comparison between operation with and without inverter [6] 

The variable refrigerant flow systems are marketed in air or water condensation typology. 

These can work in cooling mode only or as a heat pump, so with the heating/cooling operation 

mode. Both typologies can have a heat recovery system in which each indoor unit is 

autonomous in its operation mode (cooling or heating) regardless of other indoor units 

belonging to a system. 

The advantages of using this system in heat recovery mode (energy transfer among building 

zones) are: 

- High values of efficiency in the own equipment; 

- Improvement of overall efficiency of the installation (whole building); 
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- Less space for energy transfer; 

- Low surface occupied by the outdoor and indoor units compared to other systems; 

- Modular and light units (eliminating in many cases structural reinforcements, hoisting 

cranes outdoor units, etc.); 

- Back-up function, therefore backup systems are eliminated; 

- Low noise and vibration levels with consequent savings in acoustic solutions; 

- Simplified installation compared to other types of systems; 

- Easy maintenance. 

Conclusions achieved after different numerical studies [9] show that the use of variable 

refrigerant flow systems in buildings with cooling demand throughout the year (like shopping 

malls) allows  reductions in the consumption of annual heating energy that may be higher than 

20% of the energy demand. This percentage will vary according to the type of installation and 

building, being greater the number of hours of operation mode heat recovery and achieving 

optimal values when the ratio of operating cooling/heating is 70% -30%. 

 

 Water loop 

Often, in buildings with a large central core and a perimeter with different orientations, opposite 

demands occur simultaneously; i.e. cooling throughout the year in the nucleus, while the 

envelope is heating demand in winter and cooling in summer.  

Water loop provides high efficiency and versatility, when the terminal elements thereof belong 

to a heat recovery system, in which case the coefficients of efficiency are optimized and the 

efficiency of the heat recovery system overlaps with self-loop water heat recovery. Constant 

temperature water ring is achieved by the alternative operation of a cooling tower and a boiler, 

to keep the water at a constant temperature of around 30 ° C. 
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Figure 8 - Loop water with cooling tower and boiler [6] 

 Static condensation by variable flow (Radiant floor in refrigeration systems) 

Energy savings in refrigeration systems has become in recent years one of the most ambitious 

target in the sector. Moreover, the difficulties and tightening of regulations on air speed and 

airflow make it more and more a challenge. The search for new formulas and solutions has 

pushed the development of a system for heat recovery using the underfloor heating with 

aluminium foil diffuser panel. This system is a heat recovery system for underfloor heating and 

cold aisle effect reduction that occurs in refrigeration cabinets with open sale effect. The 
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system is based on the static condensation, using the residual heat in floors, that absorb and 

dissipate the refrigeration systems waste heat. The water flowing through the soil pipe is 

always warm, preferably between 25-35 °C, which causes the heating of soil mortar and 

therefore causing a radiant effect with optimum comfort feeling in customers, similar to the 

effect of a conventional floor heating, therefore eliminating the uncomfortable feeling that 

produces the "cold aisle" effect. 

This system allows an overall energy saving of 15-20% of total energy consumed in air 

conditioning and refrigeration, being totally free the winter heating. 

This form of energy use is compatible with other heat recovery systems where the installation 

of an air-cooled condenser is needed. Among its advantages, the system requires a smaller 

volume of gas for refrigeration system compared with systems present in the state of the art.  

 

 

Figure 9 - Application zone (left). Thermal effect (right) 

 

 

2.3. Other heat recovery applications in shopping malls  

In this paragraph, other two heat recovery systems, which can be applied to shopping malls, 

are presented. Both systems exploit the heat coming from fumes that are usually rejected 

outside, as the ones from restaurants kitchens or boilers. 

 

 Restaurant Fumes Heat Recovery Systems 

Fumes Heat Recovery System uses the fumes coming from the restaurant kitchens. 
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Figure 10 - Operation of the Restaurant Fumes Heat Recovery 

 

This type of heat recovery systems includes different filters and air cross flow systems to 

achieve the heat exchange. Depending on the size of the heat exchanger, the fumes heat 

recovery may attain up to 70% wasted heat transfer. 

The heat recovered by this system can be used to pre-heat the air to condition the restaurant 

zones, therefore allowing a reduction of relative energy consumption. 

 

 Heat Recovery Boilers 

Heat recovery boilers are thermal machines that employ the heat of exhaust gases to produce 

hot water, superheat water or steam. Traditional recovery boilers do not have a furnace; as 

well, the water inside them is not heated up with a burner, but just with the heat of fumes 

conveyed into them. This process allows recovering most of the thermal energy dissipated in 

the furnace. 

 
Figure 11 - Example of a commercial Heat Recovery Boiler [ICI Caldaie] 

The thermal source that can be recovered by the heat recovery boilers with no additional 

combustion are the hot recovery fumes. These kind of boilers are entirely automatic single-

block boilers equipped with all the accessories to ensure a quick activation. 



 
 
 
 

 
 

18 

D4.2 - Retrofitting technologies, solutions and scenarios 

The boilers are custom-made on a case-by-case basis to meet any specific requirements in 

terms of use. The efficiency of the heat recovery boilers con be further increased by 5% if they 

are fitted with an economizer. 

Some benefits: 

- Simple, quick and safe installation. 

- High operating flexibility. 

- Minimum operation and maintenance costs. 

 

2.4. Examples of heat recovery systems configurations 

 

The above described heat recovery equipment can be installed in addition of the existing 

devices. The following paragraphs present some configurations of possible solutions for 

enhancing the shopping malls system performance and for reducing the overall shopping 

centres energy consumption. 

The possible scenarios to supply the energy in a mall are several, because it depends on the 

building architecture and construction type, climatic zones, connected shops to the 

conditioning systems and their demand profiles, etc. Figure 12 collects the main technologies 

involved in the different energy uses. The following paragraphs present 5 basic examples of 

the possible configurations as obtained by the combination of these technologies, heat 

recovery devices included.  
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Figure 12 – Technologies of the principal systems in a mall  

 

 

2.4.1. Scenario n. 0  

In the basic scenario, we consider to supply heat, cool and electrical energy, including DHW, 

by conventional technologies. This scenario will be used as the starting point for the definition 

of other scenarios with the objective of introducing heat recovery systems into shopping malls. 

 

Base case solution 

In the reference solution, all the energy demands are covered by using conventional 

technologies such as: a chiller to produce cooling on summer time; a boiler for heating for the 

winter time and for the DHW production; a power generator that produces electrical energy. 
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The basic diagram of this installation includes a cooling tower. This equipment is necessary to 

evaporate the hot water as result of the compression process that occurs into the chiller during 

the cooling production. 

 

This type of installation has some disadvantage such as expensive operation and maintenance 

(O&M) costs, and high fuel and electricity consumption. In the other hand, it is a reliable 

system, well-known and assures a good operation control.  

 

 

Figure 13 – Base case solution with conventional technologies 

 

2.4.2. Scenario n.1  

The Scenario n. 1 aims at reducing the energy consumption for heating and electricity by the 

use of heat recovery systems on the AHU. 

 

Solution n.1 

Solution n. 1 integrates a heat recovery ventilation system installed in the AHU equipment is 

able to recover energy from the exhaust energy.  

The integration of this element into the existing equipment will increase the overall energy 

efficiency of the system with a consequent reduction of the energy consumption for heating 

and electricity along the year. 
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Figure 14 – Layout of the solution n. 1 with heat recovery in the ventilation system 

 

2.4.3. Scenario n. 2 

Following the analysis of scenario 1, after the reduction of heating and electricity consumption, 

scenario n. 2 aims at improving also the energy efficiency of the cooling system. 

 

Solution n. 2 

To this aim, solution n. 2 adds a heat recovery system based on rotor cassette (desiccant 

wheel). 

This installation is able to recover energy for both heating and cooling periods (and, of course, 

intermediate days) using the wasted heat from the buildings as part of the source. In winter 

period, the heat recovery system would reduce the heating consumption by recovering heat 

from the building and in summer period, the desiccant system would use the extra heat as 

source for producing part of the energy for cooling. 

In conclusion, solution n. 2, compared to the base case, is able to reduce the energy 

consumption both for space heating and cooling. 
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Figure 15 – Layout of the solution n. 2 with performance increase for the cooling in the summer period 

 

2.4.4. Scenario n. 3 

Similarly to the previous scenarios, Scenario n. 3 aims at reducing energy consumption for 

heating and cooling by implementing other heat recovery systems not specifically in the 

ventilation system. 

 

Solution n. 3 

Solution n. 3 aims at reducing the energy consumption by recovery heat through the restaurant 

fumes. Depending on the shopping mall configuration and the location of the HVAC system 

respect the restaurant zone, the recovered heat can be used for the restaurant itself or for 

other zones of the mall. In this solution, the use of specific filters is mandatory if the extracted 

air is directly used (for more details, see section 2.3). 
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Figure 16 – Layout of solution n. 3 with heat recovery from the restaurant fumes  

 

Solution n. 4 

A further solution (n. 4) proposes the installation of a heat recovery boiler system in the 

equipment. This new integration uses the fumes from the boiler to pre-heat water before 

entering into the boiler. 
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Figure 17 – Layout of solution n. 4 with heat recovery boiler system 
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3. Heat recovery systems feasibility and analysis process  

A fundamental criteria for heat recovery is the compatibility between heat source and sink. The 

compatibility of energy recovering solution depends on different factors: technical, operational, 

cost-related, environmental, and other relevant specific factors. 
Traditional designs do not take into account the possibility of energy systems interconnection 

between different services like refrigeration and domestic hot water. The energy that is rejected 

in a point of a system (e.g. heat rejected to the atmosphere though a dry-cooler unit) can be 

used to produce useful energy in other point of a different system (e.g. DHW production). This 

production can be done directly in “useful” energy or using the convenient conditions of this 

energy flow to operate a specific unit. 

This section explains the process defined to evaluate the possibilities of waste heat recovery 

in retrofitting works through the identification of possible critical points. 

 

When designing a heat recovery system during retrofitting, three main aspects have to be 

considered: 

- fluid used to transport the recovered energy; 

- integration with the existing systems; 

- way to use the recovered energy. 

The fluid used for energy transport can be air, water or a water based fluid (water-glycol 

mixture). The decision must be based on the source medium, the terminal units to be used (in 

case of using existing equipment) and the space available to install the additional devices. 

A typical example of re-use of wasted energy can be the integration of a water-to-water heat 

pump with a condenser unit based on a dry-cooler (sources) used for keeping at a certain 

temperature an adjacent room (sink). 

Considering that the distribution system in the room is made of fan coils and the transport fluid 

in the heat pump / dry cooler circuit is a water-glycol mixture, the installation of a heat 

exchanger (HX) device is necessary in order to avoid an excessive amount of glycol through 

the distribution system. In this way, the excess of heat in the Heat Recovery (HR) system will 

be used for space heating, the transport fluids of the two circuits are maintained unchanged 

as well as the existing terminal units. The effective feasibility of the solution depends on some 

factors as described in the following paragraphs.  

 

3.1. Analysis process 

The first two factors to be considered when the feasibility of a HR system is under study are 

the existence of an energy flow out of the “building’s energy systems boundaries” and the 

potential sink for the waste energy. It is important to keep in mind this source-sink binomial, as 

the main base of the analysis process. In case of a time delay between generation and 

demand, the introduction of a buffer storage is needed. 
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Figure 18. HR potential basic evaluation 

 

The compatibility between source and sink depends mainly on the temperature level and the 

fluid. Table 2 shows some possible combinations between the most common sources and 

sinks in a shopping mall, depending on the temperature level and the fluid. The coloured 

squares suggest the potential match between sink-source.  

 

Table 2 – Compatibility between sources and sinks depending on the fluid and temperature level 

   
SOURCE 

    

Dry cooler / 

Heat pump / 

Chiller  

Flue gases Return air or Exhaust air 

  FLUID 
Water  

(+ Glycol) 
Water 

AIR for 

heating 

AIR for 

cooling 

  TEMP LEVEL 
med-low 

(around 40°C) 
low medium high (around 20°C) (around 25°C) 

S
IN

K
 

Heating: low enthalpy and 

low-medium temperature 

terminal units.             

Heating: low enthalpy and 

medium-high temperature 

(from 75°C) terminal units.             

Heating: by medium-high 

temperature (from 75°C) 

terminal units.             

DHW: direct use. 
            

DHW: pre-heat 

preparation.             
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Cooling: as energy source 

(e.g. absorption chiller).             

Preheat / precool air 

stream or direct supply in a 

different space       

 

Water of the source/sink circuit of heat pumps, chillers and dry cooler are at a temperature 

around 40°C. This water (with eventually glycol) can be used for terminal units at low/medium  

temperature or for hot water pre-preparation. In case of flue gases, the low temperature water 

can be used in the same applications as heat pumps, chillers or dry coolers; the medium 

temperature water can be applied also for medium temperature terminal units and hot water 

direct use, while the high temperature water has its application in the high temperature terminal 

units, hot water direct use and as source for cooling production (e.g. in absorption chillers). 

Return or exhaust air, depending if in heating or cooling applications, can be exploited as pre-

treatment of the air stream or directly blown in a different space. 

In the following paragraphs, it is presented an analysis aimed to study the feasibility of a HR 

system in shopping malls. The analysis takes into consideration different factors: technical and 

operational factors that refer to practical aspects of the realization; other factors that introduce 

aspects that could limit the feasibility of the intervention (e.g. restrictions due to the ownership 

of the involved systems); environmental and economic factors that conduct the final decision 

between different alternatives. 

3.1.1. Process description  

The first step of the analysis concerns the identification of the waste energy sources and the 

potential sinks for the energy flows. The characterization of the energy flows in terms of type 

of flow, temperature, etc. facilitates the energy sinks identification, discarding non valid options. 

The second step consists of performing the technological and operational assessment. In this 

stage, a complete and detailed identification of units is absolutely necessary in order to 

evaluate the existing technical possibilities of integration of these units in a HR system. 

The third step evaluates the “complementary” factors. These factors focus the attention on 

restrictions and limitations of the possible intervention. It has to be noted that these factors 

only identify critical issues that needs to be considered, but they are not decisive for the HR 

system feasibility.  

Finally, the environmental and economic assessment produces the necessary data to compare 

the different solutions and also the intervention with other investment alternatives. This data 

can be also relevant for energy savings-based incentives demand. 

As it can be seen in Figure 19, the process analysis flows from the total amount of alternatives 

initially identified to a reduced number that satisfies all relevant factors considered in the 

analysis process. Options that can change in the future (regulations, owners’ preferences, etc.) 

should not be discarded. 
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Figure 19 - Scheme for analysis of HR systems integration 

 

3.1.2. Factors of the analysis process  

The above mentioned factors used to carry out the analysis are described in the following. 

 
 Technological factors 

Technological factors are used to evaluate the basic possibilities of integration of a waste 

energy heat recovery system. Specifically, the non-applicability of some of these factors 

suppose the infeasibility of the system. 

As an example, a cooling unit type “split” cannot be submitted to a HR system integration due 

to different reasons. Analysing the different available possibilities, the energy sources are 

present in the air stream and also in the refrigerant flow. 

Considering the air stream, any device (e.g. air-to-fluid heat exchanger) introduced “in front” 

of the external unit will increase the pressure drop, more than the design value considered by 

the manufacturer. In this situation, it is probable that the compressor increases the high 

pressure value of the cycle in order to keep the amount of energy rejected by the unit (of course 

considering the energy captured by the HR system). The resultant energy balance will probably 

be worse than the original situation. 

On the other hand, the refrigerant flow is part of a delicate circuit that must not be modified. An 

actuation in this sense would suppose a modification in the control circuit. 

In conclusion, technological factors affect compact solution based systems (e.g. splits and 

other plug and play systems) and not allow the integration of the systems (or parts of the 

systems) accessible for intervention.  
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 Operational factors 

Operational factors are considered to evaluate the feasibility of the HR system integration 

according to the specific working conditions of both source and sink and the technical solution 

preliminary considered. Examples of operational factors are: operative temperatures, mass 

flow rates, properties of waste source fluid, hydraulic operation conditions (pressure drops), 

cross-contamination, sensible and latent energy, control system integration. 

 Temperature 

Temperature is the main measure of the quality of the waste heat. According to the 

temperature of the heat source, waste heat recovery systems can be classified in high, medium 

and low temperature. 

In shopping malls, the temperatures can range between 250°C (in case of co-generation) and 

-30°C (in the refrigeration circuit). A specific analysis on the temperature levels is important for 

individuating the potential energy recovery for other uses or for improving the devices 

performance.   

 Mass flow rate 

The mass flow rate is the second factor to be considered in order to quantify the impact on the 

results in terms of energy and environmental metrics, economic indicators, etc. 

The relation (in terms of power) between the streams which will be submitted to an energy 

exchange process is important in order to put in relation the effect of the intervention. As an 

example, a possible source system, which size is quite lower than the sink for the energy 

recovered, will produce a very low effect on the energy savings of the mentioned sink. On the 

other hand, the opposite situation complicates the operation of the HR system, reducing the 

amount of hours that the HR system will operate. In both situations, the described relation 

between the sizes of both source and sink systems will definitely affect to the economic results. 

 Properties of waste source fluid 

Chemical and physical characteristics of the fluids will affect the design and equipment 

specifications. The capital cost can be highly affected as well as the system behaviour. 

 Hydraulic operation conditions 

The hydraulic operation conditions (pressure drop) in the resultant system must be considered 

in order to evaluate the possibility of a unit substitution (e.g. a circulation pump). At the same 

time, the installation of auxiliary equipment (e.g. buffer storage) can be determined considering 

the minimization of the existing equipment substitution. 

 Cross-contamination 

Safety considerations have to be taken into account in order to avoid cross-contamination 

between fluid streams. As an example, the air extracted from the kitchen should not be injected 

in an office in order to keep the contaminant level under control. 

 Sensible and latent energy 

According to the final design and the possible air streams conditions, devices as rotary wheel 

should be considered in order to avoid high level of humidity or condensation problems. 
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 Control system integration 

In order to maximize the effectiveness of the solution and the feasibility of the intervention, the 

control system is a crucial part of the intervention. Considering a retrofitting actuation, the 

potential modification of the existing system should be considered even more in the affection 

of the operating conditions of the equipment.  

As an example, consider an external unit (e.g. dry cooler) that reduces the temperature of a 

return water flow to a heat pump. The possible intervention could be to add a heat exchanger 

ahead of the existing condenser. If the resultant control system (or systems) does not take into 

account the interaction between the heat exchanger and the condenser, there is a risk of a low 

pressure alarm in the refrigerant cycle of the heat pump. At the same time, a detailed control 

can increase the efficiency of the mentioned cycle optimizing the operation temperature of the 

water return flow. 

Due to the importance of the control system in the interaction of different systems, a specific 

section is dedicated in Chapter 4. 

 

 Complementary factors 

As said before, complementary factors identify the points that need to be analysed in order to 

consider all the restrictions that can potentially affect a successful result of the intervention. 

This not necessary means that the HR option is not feasible. Furthermore, necessary 

actuations in the buildings infrastructure can be identified according to the analysis of 

complementary factors. 

 Fire prevention 

Original building plants distribution and fire prevention utilities can be affected due to the 

modification on the equipment. In this sense, fire prevention specifications must be analysed 

after any intervention. 

 Chemical protection 

In line with the previous point, chemical protection must be revised after any modification in 

the systems of the building. 

 User’s restrictions 

Building owner’s restrictions have to be taken into account. Shopping owner or manager want 

to avoid waste of time since the preliminary stages of the analysis, because it means breaking 

the retail business. This understandable position influences the analysis to be carried out in 

the preliminary stages, and the shopping mall closing time during the interventions. Other 

important restrictions are related to the property of the units that can be potentially involved in 

the intervention: multi-ownership can make the interaction of different systems more difficult 

because of the lack of agreement on the energy fluxes management and consumptions 

metering. 

 Structural limitations: 

Other relevant restrictions are related to the structural capacity of the building and the possible 

effect of the new units to be installed. As an example, thermal collectors to be installed on the 

roof increases the load on the relative structure, reducing (or even exceeding) the residual lab 
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capacity of the roof, producing a danger related to the structural integrity of the building and 

then a risk for shopping centre customers and employees. 

 

 Evaluation and comparison factors 

Evaluation and comparison factors allow comparing different heat recovery solutions and also 

general alternative investments. The costs to be considered for a feasibility study are: 

 designing; 

 supply and installation of the new components; 

 modifications to existing plant; 

 possible additional operating costs and increased maintenance.  

 

Other two indicators categories that are considered when different solutions or investments 

are compared are i) economic indicators and ii) environmental indicators.  

Economic indicators include: 

 Cost savings; 

 Net present value (NPV); 

 Return of investment (ROI); 

 Payback (PB). 

 

Environmental indicators include: 

 final energy (FE) savings; 

 primary energy (PE) savings; 

 equivalent CO2 emissions savings. 

 

Depending on the specific case, the above mentioned indicators cover a different weight in 

the final decision process. 

 

The described factors can be also used when designing an enhanced HVAC system during 

renovation action. The following table lists generation units described in Appendix 1 divided 

per final use (heating, cooling, DHW) and technology. Each of these is analysed following the 

above mentioned factors and eventual restriction or limitation is noted. The last column is 

coloured in a way to show if the installation of each technology is feasible or not in that specific 

case. 

 

For each energy use, environmental (ENV), structural (STR), technical (TEC), security (SEC) 

and economic (ECM) limitations are individuated, marking with a cross those limitations with 

considerable effects that should be taken into account 

The applicability of these technologies is then verified on a reference case (REF BLDG) 

showing the already existing technology (yellow), the suitability of the solution (green) or the 

non-suitability of the solution (red). 
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The table aims at guiding during the design phase of an enhanced HVAC system in the 

framework of shopping centre retrofitting. 

 
Table 3 – Analysis of restrictions and limitations of generation devices on a reference building 

USE TECHNOLOGY 

RESTRICTIONS & 

LIMITATIONS COMMENTS 
REF 

BLDG 
ENV STR TEC SEC ECM 

H
e
a
t 

B
o
ile

r 

Gas X         Widely used, economical and easy installation   

Diesel X       X 
To use fossil combustibles produces 

environmental risks (contaminant emissions). 

These combustibles are more expensive than 

gas. 

  

Carbon X       X   

Biomass            

Clean energy system using biomass, the most 

extensive renewable combustible in Belgium. 

It can be used in combination with the actual 

gas boilers. 

  

S
o
la

r 
T

h
e
rm

a
l 

Flat           

Renewable solar system usually used to DHW 

(up to 60-80ºC). Easy to install and good 

economic balance.    

  

Vacuum tubes   X X   X 

Solar system used to heating in combination 

with some boiler (up to 100-120ºC). Necessary 

special technical and structural system to be 

installed, then high economic cost. 

  

Concentration   X X X X 

Solar system used to heating at medium 

temperature (up to 160-180ºC) to 

cogeneration or tri-generation systems. 

Complicated technology to be integrated in a 

building, and high economic costs. 

  

G
e
o
th

e
rm

a
l 

Boreholes X X X X X 
Any geothermal technology needs develop 

ground perforations, these actions are 

expensive and unusual in retrofitting 

actuations.  

  

Thermo-active 

foundations 
X X X X X   

E
le

c
tr

ic
it
y
 

S
o
la

r 
P

h
o
to

v
o
lt
a
ic

 Monocrystalline           

Crystalline technology with a good efficiency, 

but most expensive than polycrystalline 

modules. Easy integration and no restrictions. 

  

Polycrystalline           

Economical crystalline technology, less 

electrical efficiency than monocrystalline 

modules. Easy integration and no restrictions.  

  

Thin Film   X X   X 

Specific technology to be integrated in curve 

roof tops, elevated installation costs. 

Expensive technology and low efficiency. 

  

W
in

d
 

Horizontal Axis X X   X X 

Economical wind power technology, but 

technical installation and maintenance more 

expensive than other wind power 

technologies. 
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Vertical Axis X X   X X 

The easily wind power technology to be 

integrated in buildings. This technology reduce 

the maintenance costs, but increase the ratio 

€/kW installed. 

  

C
o
ld

 

C
h
ill

e
r 

Compression           

Electrical conventional equipment to produce 

cooling water (7-15ºC) used by the 

transformation systems to climate indoor.   

  

Absorption     X   X 

Thermal activation equipment using hot water 

upper than 80ºC. It´s usual combined with 

solar thermal technologies, for example CPC. 

Complicated technical integration and 

expensive system. 

  

Adsorption     X   X 

Thermal activation equipment using hot water 

upper than 50ºC. It´s usual combined with 

solar thermal technologies, for example FLAT. 

Complicated technical integration but cheaper 

than absorption system. 

  

H
e
a
t 

&
 C

o
ld

 (
n
o
t 
s
im

u
lt
a

n
e

o
u
s
ly

) 

H
e
a
t 

P
u

m
p

 

Air-to-Air           

Good technology to be used in big zones to 

climate it quickly by air. It´s necessary to have 

a good air ducts distribution, because to 

develop a new air distribution in an existing 

building can be expensive.  

  

Air-to-Water     X   X 

Typical use with air to dissipate heat/cool 

energy, and water to distribute the energy 

(heat/cool). 

  

Water-to-Water     X   X 

This technology requires a complementary 

system such as cooling tower or an aquifer. 

This condition limits the technical and 

economical possibilities to be integrated.  

  

Water-to-Air         X 

Similar to air-to-air technology, but it´s 

necessary to install a cooling tower, and to 

have a good air ducts distribution. These 

requirements raise the price of the installation. 

  

H
e
a
t 

&
 E

le
c
tr

ic
it
y
 

C
o
g
e

n
e
ra

ti
o
n

 

Internal 

Combustion 

Engine 

X   X X X 

Fossil combustibles produce environmental 

risks (contaminant emissions), and it´s 

expensive. It´s a good solution to be used as 

emergency energy system. 

  

Steam Turbine X     X   

Presents technical and security limitations, to 

integrate it is necessary to develop several 

security and expensive systems. 

  

Gas Turbine X       X 

Fossil combustibles produce environmental 

risks (contaminant emissions), and it´s 

expensive.  

  

Fuel Cell     X X X 

Technical, security and economic limitations. 

It´s a technology that presents many problems 

to be integrated. 
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ORC     X   X 

It´s a good technology to be combined with 

renewable technologies such as solar thermal 

technologies. The big limitation here it´s the 

elevate cost of the technical integration. 

  

Hybrid PV & 

Thermal 
  X       

To combine PV technology with some thermal 

system it´s a good solution. This cogeneration 

only presents possible structural limitations in 

the roof top integration. 

  

 

3.2. Examples of heat recovery in shopping malls  

In the following paragraphs, we report some applications of heat recovery solutions in specific 

shopping malls with an estimation of the possible savings. The energy savings are calculated 

by simulations or in a simplified way in order to have an idea of the solution applicability.  

 

Example 1 

 

The following example is applied to one of the CommONEnergy reference cases, the 

Waasland shopping centre, located in Sint-Nikklas (Belgium). 

This shopping mall has one floor and it is distributed as shown in Figure 20. 

   
Figure 20 – Existing locals in the shopping mall (left) and thermal zoning used for the building modelling and 

simulation (right) 

 

Analysing the building, one option for heat recovery could be to use the rejected heat from the 

refrigeration cabinets in the supermarket, for heating the space in winter and reduce the heat 

release in summer by optimizing the use of free-cooling option. The exchange can be placed 

in the air handling unit with a plate heat exchanger (see Figure 21). 
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Figure 21 – Use of rejected heat from the refrigeration unit through the Air Handling Unit 

Looking at the winter energy balance of the two systems, the refrigeration system has 60 kWt 

extracted from the cabinets plus 20 kWe of the compressor to be rejected. On the other hand, 

the supermarket has a demand of 80 kWt to be covered by a source (see Figure 22).  

  
Figure 22 – Winter energy balance of the refrigeration and HVAC systems without heat recovery 

Installing a heat recovery system equipment (in this case, based on an AHU with a plate heat 

exchanger) would mean to use the heat rejected from the cabinets for heating the zone without 
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delivering (and wasting) the heat to the outside. The additional heat for the zone is provided 

by a back-up heating system connected to the AHU. The balance for a thermal demand of 100 

kWt is shown in Figure 23. 

  
Figure 23 – Winter energy balance of the refrigeration and HVAC system with heat recovery 

 

In summer conditions, the heat released by the refrigeration cabinets will be rejected together 

with the heat extracted by the AHU from the zone. The extracted heat from the refrigeration 

circuit could be used for the hot water preparation and for the supply air post-heating. The 

energy balance of this particular case is shown in Figure 24. 
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Figure 24 – Summer energy balance of the refrigeration system and HVAC system 

 

Example 2 

Another reference case studied in the CommONEnergy project is the Grand Bazar shopping 

mall [14] where a heat recovery system has been included in order to evaluate the possible 

benefits in the reduction of energy consumption (and consequently of primary energy).  

According to the performed simulations reported in D5.1 [15], the installation of a heat recovery 

system with an efficiency of 40% would reduce the primary energy consumption needed for 

heating requirements of more than 45% (190 kWhPE/m²y) (see Figure 25). 
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Figure 25 – Primary energy consumption in a reference building and with heat recovery system 

Furthermore, the heat recovery system during the cooling period has a lower impact on the 

overall savings, but if coupled to free-cooling strategies the effect can be consistent. The 

exploitation of fresh air ventilation and of the heat recovery system in fact allows a primary 

energy consumption reduction along the year of 221 kWhPE/m²y (34% of the total energy 

consumption for heating and cooling) (see Figure 26). 

 

 

Figure 26 – Primary energy consumption for heating and cooling in a reference building and with heat 

recovery system 

 

Example 3 

Another solution for heat recovery implemented in shopping malls concerns the recovery of 

heat from the refrigerant circuit to the HVAC system through a battery in an air-to-air heat pump 
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(see Figure 27), being the heat recovery integrated in the air conditioning equipment of the 

shopping mall. 

 

Figure 27 – Schematic of a refrigerant circuit in an air-to-air heat pump 

The recovery battery, which can be either evaporator in the heating season and condenser in 

the cooling season, is placed in the exhausted air point; the battery to which the energy is 

transferred is installed with the inner battery of the autonomous equipment and can work both 

in parallel or series. Thanks to this configuration, both in winter and summer it is possible to 

achieve high efficiencies in the range of 5. The outside air, in fact, benefits from the 

condensation/evaporation conditions in winter/summer increasing the COP and EER 

respectively. 

As an example, it is presented a calculation of a heat recovery system based on an active 

recovery system for the cooling circuit integrated in a heat pump. The case study is a shopping 

mall located in Madrid, with 600 m² and 200 people of occupancy (5760 m³/h of ventilation air) 

[8]. Table 4 shows the calculated ventilation potential of a heat recovery unit over the total 

building load in dependency of the external temperature (wet and dry) and the total energy 

demanded by the shopping mall (total and per square meter). The calculation considers as 

internal conditions for summer 24ºC/50% relative humidity and for winter 22ºC/50% relative 

humidity. 

Table 4 – Calculation of ventilation potential over the total building load and in dependence of external 

temeprature 

Outdoors temperature Total load Ventilation potential 

Tdry (ºC) Twet (ºC) W W/m2 W 

-4 -4 96,511 161 43,718 

-2 -2.4 88,006 147 40,043 

0 -0.4 79,538 133 36,406 
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2 1.3 71,137 119 32,835 

4 3.1 62,784 105 29,313 

6 5 54,482 91 25,841 

8 6.6 46,241 77 22,431 

10 8.4 38,047 63 19,067 

12 9.8 29,915 50 15,765 

14 11.2 21,833 36 12,513 

16 12.7 13,798 23 9,309 

18 14 3,816 6 6,157 

20 14.9 15,245 25 -9,184 

22 16.1 43,496 72 -3,234 

24 17.1 64,121 107 -1,630 

26 18.1 71,610 119 -6,634 

28 18.9 78,228 130 -10,638 

30 19.6 84,607 141 -14,150 

32 20.6 92,716 155 -19,521 

34 21.1 98,316 164 -21,986 

36 21.8 104,520 174 -25,721 

38 22 109,094 182 -27,633 

40 23.3 117,049 195 -32,874 

 

Table 4 shows that the heat recovery gives a positive contribute on the building demands up 

to the outside temperature is lower than around 18ºC; above that temperature, cooling 

operation should be activated. 

Once the building loads are calculated, the heat recovery system is selected accordingly, 

taking into account that the nominal power of the equipment has to cover the maximum heating 

and cooling demands of a shopping mall. The nominal values are shown in Table 5; refrigerant 

and recovery circuits are presented separately as well as thermal and absorbed power. 

Table 5 – Nominal power of the refrigeration and recovery circuits 

 FULL LOAD COOL MODE 

 Refrigerant circuit Recovery Circuit Total 

Thermal power [kW] 99 24.8 123.8 

Absorbed power [kW] 35.4 4.8 40.2 

EER 2.8 5.2 3.1 

 FULL LOAD HEAT MODE 

 Refrigerant circuit Recovery Circuit Total 

Thermal power [kW] 111 28.9 139.9 

Absorbed power [kW] 38 6.3 44.3 

COP 2.9 4.6 3.2 
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The equipment will work with 3 different stages depending in the outdoor conditions. The first 

stage is the heat recovery, the second and third stages are specific of the equipment itself 

and they are activated with respect to the external temperature. 

Table 6 and Table 7 show how the total thermal demand (Qt), for heating and for cooling 

respectively, is covered by the equipment, according to the external dry bulb temperature 

(Text). 

Table 6 – Thermal power of the equipment with respect to the dry bulb temperature – heating mode 

Text Qv Qt Pr P2 P3 Pd Operation mode 

[°C] [kW] [kW] [kW] [%] [kW] [%] [kW] [%] [kW]  

-4 43.7 96.5 29.5 100 31.3 100 31.3 100 92 
Recovery + 

2 stages 

-2 20 88 29.4 100 32.6 100 32.6 80 94.5 
Recovery + 

2 stages 

0 36.4 79.5 29.3 100 34.2 100 34.2 47 97.7 
Recovery + 

2 stages 

2 32.8 71.1 29.2 100 39.5 100 39.5 6 108.31 
Recovery + 

2 stages 

4 29.3 62.8 29 100 45.6 74   74.6 
Recovery + 

1 stages 

6 25.8 54.5 28.9 100 50.8 50   79.7 
Recovery + 

1 stages 

8 22.4 46.2 28.8 100 55.3 32   84.1 
Recovery + 

1 stages 

10 19.1 38 28.7 100 59.3 16   88 
Recovery + 

1 stages 

12 15.8 29.9 28.6 100 62.6 2   91.2 
Recovery + 

1 stages 

14 12.5 21.8 28.5 77     28.5 Recovery 

16 9.3 13.8 28.5 48     28.5 Recovery 

18 6.2 3.8 28.4 13     28.5 Recovery 

 

With: 

Qv = ventilation demand for 5760 m³/h 

Qt = total thermal demand 

Pr = Recovery circuit power that makes the 1st stage 

P2 = 2nd stage power that is a base circuit of the system 

P3 = 3rd stage power that is a base circuit of the system 
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Pd = Available power of the system according to the operation mode 

The most significant noteworthy is that in the heat cycle the recovery circuit is working at 

100% capacity until an outside temperature around 12 ° C; from this temperature on there is 

no need of a supply thermal power as the only use of the heat recovery is sufficient for 

covering the demand. 

In the summer season we can see that until 24ºC the heat recovery in summer mode gives a 

contribution on the cooling supply. With higher temperature, it is possible to pre-cool external 

air before being treated. 

Table 7 - – Thermal power of the equipment with respect to the dry bulb temperature – cooling mode 

Text Qv Qt Pr P2 P3 Pd Operation mode 

[°C] [kW] [kW] [kW] [%] [kW] [%] [kW] [%] [kW]  

20 -9.2 15.2 25.6 60     25.6 
Recovery + Free 

cooling 

22 -3.2 43.5 25.6 100 55.1 33   80.7 
Recovery + Free 

cooling + 1 stages 

24 1.6 64.1 25.6 100 53.9 72   79.5 
Recovery + 

1 stages 

26 6.6 71.6 25.5 100 52.7 87   78.2 
Recovery + 

2 stages 

28 10.6 78.2 25.5 100 51.5 100 51.5 2 128.5 
Recovery + 

2 stages 

30 14.1 84.6 25.4 100 50.3 100 50.3 18 126 
Recovery + 

2 stages 

32 19.5 92.7 25.3 100 49.2 100 49.2 37 123.7 
Recovery + 

2 stages 

34 22 98.3 25.2 100 48 100 48 52 121.2 
Recovery + 

2 stages 

36 25.7 104.5 25.1 100 46.9 100 46.9 69 118.9 
Recovery + 

2 stages 

38 27.6 109.1 25 100 45.7 100 45.7 84 116.4 
Recovery + 

2 stages 

40 32.9 117 24.9 100 44.6 100 44.6 100 114.1 
Recovery + 

2 stages 

  

The payback time of such solution is very short, namely approximately one year, so its 

installation is one of the most profitable investments.  
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4. Control strategies for enhancing system performances  

The installation of systems with improved performance or integrated with RES does not 

automatically implies energy savings. What instead allows enhancing the system performance 

and guarantees a comprehensive functioning of the whole system in a shopping mall is the 

control system.  

The Building Management System adopted within CommONEnergy is called iBEMS and it is 

largely presented in D4.3 [12]. 

When several systems interact on the same building, or a new control strategy must be 

implemented, the management of the different actuators becomes a not easy task. In this 

sense, modelling and simulations throughout a year of the shopping mall behaviour and 

performance can help both in the design as well as in the operating phase. In particular, 

building model including envelope, internal gains, active and passive solutions, as well as 

control rules can help in the: 

- development of control strategies and implementation of the control rules; 

- testing of control rules validity; 

- tuning of set-points; 

- prediction of system performance improvement; 

- continuous assessment of control strategies even during the operational phase to 

overcome inefficiencies or malfunctioning. 

In this sense, first the assessment of the system’s performance, then the implementation in 

the field of the developed control strategies need to be part of the same process.  

The first step of this process consists in the individuation of the different systems that interact 

in a shopping mall. Although their functioning is not related to the other systems, they influence 

each other. The second step concerns the definition of those relations between systems that 

are somehow connected (e.g. HVAC system with refrigeration system or with natural 

ventilation or with shading system). The control rules that regulate these connections are firstly 

tested in a simulation environment and then implemented in the real case. Measured system 

performance are therefore benchmarked with the simulated ones. The numerical model of the 

whole system is calibrated against monitored data; consequently, improvements of the 

operating system can be developed and re-implemented. 

For this purpose, the use of the same structure for the control strategies development in 

simulations and in the real application is key for verifying the system functioning, individuating 

eventual malfunctioning or implementing system improvements. 

The following paragraphs present developed control strategies and examples of sub-systems 

integration.  

For the sake of clarity, the definition of the control rules (flow charts, schemes, algorithms, etc.) 

is equally implemented in simulations and in the building management system. Similarly, 

control rules are defined with the available sensors installed in the field. The simulation 

environment is therefore used as test bench for the control strategies definition. 
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4.1. Sub-systems control strategies  

This paragraph collects the control strategies developed within the project for shopping malls 

applications. Each technology as well as the control rules are largely explained in the relative 

deliverables. 

 

4.1.1. Daylighting and shading devices  

The lighting and shading strategy are defined in order to cover the main requirements for 

shopping centres. In the following, they are listed in descending order of importance defined 

by the architects of one of the demo cases: 

 Solar radiation control to avoid overheating and glare effect during cooling season and 

maximize the solar gains during heating season. 

 Daylight availability. 

 Visual contact from outside towards inside. 

 Visual comfort and glare control. 

Based on the above requirements, a control strategy of a sun shading device can be described 

as follows: 

- The vertical total external radiation shall be measured by a pyranometer placed in 

vertical position and oriented according to the façade orientation.  

- In summer the sunshade is applied during daytime in cut-off position when vertical 

global irradiance is greater than a threshold value. Cut-off position means that lamellas 

are repositioned after the actual sun path in a way that no direct sun beam can enter 

the building.  

- During the winter season, shading device is deployed when the internal air temperature 

and the vertical illuminance exceed specific threshold values in order to maximize the 

amount of solar gain while avoiding overheating and glare issues. 

- Still in winter, whenever the indoor temperature and internal illuminance are within the 

respective comfort ranges, lamellas shall be opened to the next open position, before 

the cut-off position, in order to increase the daylight availability. 

At night, the sun shadings can be kept closed to reduce heat losses or to prevent the view 

from outside towards inside of the shopping centre. 

The control strategy for daylight and shading devices might vary depending on climate, thermal 

and visual comfort requirements, artificial lighting system, internal layout of the common areas 

and shadings geometry and position. Therefore, the control strategy is very specific and case 

dependent. 

As example of control rules, a description of the control recommended for the solar shadings 

of the demo case Mercado del Val in Valladolid is shown below. 

If the wind velocity (WS) is higher or equal to 13 m/s shadings are open, otherwise (i.e. WS < 

13 m/s): 
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 During the market opening time the shading system can be controlled as follows: 

 If Tout_24  > 12°C the shading control switches on summer mode: 

o If Isouth > 120 W/m² close lamella in cut-off position 

 Otherwise (i.e. if Tout_24  ≤ 12°C), winter mode: 

o If Tin ≤ Tset,h shadings are open 

o Tset,h < Tin  ≤ Tset,c-1°C and Isouth > 120 W/m² close lamella in the next open 

position before the cut-off position (e.g. from 40° to 30° tilt angle) 

 If Ev ≤ 2670 lux keep the current position 

 If Ev > 2670 lux close the shadings in cut-off position 

o If Tin > Tset,c-1°C and Isouth > 120 W/m² close lamella in cut-off position  

 

 In order to reduce the heat losses during the winter time and increase the heat rejection 

during the summer time, overnight the shading system is controlled as followings: 

o If Tout_24 ≤ 12°C close the shadings at 80° tilt angle  

o Otherwise (Tout_24 > 12°C), shadings are open. 

Where, 

WS = wind speed. 

Tout_24 = average outdoor temperature measured by the on-site weather station of the previous 

24 hours. This parameter identifies the season, winter or summer.  

Isouth = external total irradiance measured by the pyranometer of the on-site weather station. 

The pyranometer will be located on the top of the roof in order to avoid the shading of 

neighborhood obstructions and will face south according to the façade exposure.  

Tin = indoor temperature measured by the temperature sensors referred to each sensor. 

Tset,c =  set-point temperature in the cooling season. 

Tset,h = set-point temperature in the heating season. 

Ev = internal vertical illuminance measured by the luminosity sensors referred to each sensor. 

 

Figure 28 shows the definition of open/closed shades and the definition of the slats tilt angle.  

A flow chart of the shading control strategy is shown in Figure 29.  
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Figure 28 - Slat tilt angle definition 
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Figure 29 – Flow chart of the shading system 

4.1.2. Artificial lighting 

The strategy for artificial lighting developed within the project involves those areas illuminated 

by both artificial and daylighting (Daylit zones). This situation is present mainly in the common 

areas (CMA) where, in addition to the luminaires, there are also openings to outside. 

The concept behind the developed strategies is the reduction of energy consumption due to 

lighting through: 

 the use of LED luminaires, lamp type with high efficacy in terms of lumen/W, high 

lifetime expectancy and dimmable; 

0

0
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 the reduced general light intensity, according to the standards and regulations, tailored 

to the application;  

 the combination of lighting with low intensity together with punctual spots of high 

intensity; 

 the dimmable intensity according to daylight condition. 

 

The developed control strategy within the project consists of the individuation of four 

functioning periods and an intensity control within these. 

The four periods are (see Figure 30): 

 Out of Operation: is the period in which the shopping mall is closed (at night, Sunday 

and during holidays); 

 Preparation Hours-Morning: is the period before the opening to the public of the 

shopping mall. During this time some internal activities are performed (e.g. cleaning, 

restock of supermarket, shops, ecc…); 

 Business hour: corresponds to the opening hour to the public of the shopping mall; 

 Preparation Hours-Evening: same as in the morning, it is the period just after the 

closing to the public of the shopping mall. 

 

 

Figure 30 – Example of daily schedule for the four periods in a shopping mall. 

In addition to the four working periods, the control strategy concerns also the modulation of the 

intensity in accordance to the daylighting. During the business hours, in fact, the lighting 

intensity can be reduced after sunrise up to the night milieu modality. 

 

4.1.3. Ventilative cooling 

Shopping centres often have automated openings in the skylights of the common areas, but 

they are generally aimed at smoke ventilation only without exploiting the potential of natural 

ventilation to reduce the energy consumption due to the air conditioning and ventilation. The 

ventilative cooling, in fact, can reduce the cooling loads and the operation hours of the 

mechanical ventilation system. To this aim, appropriate control strategies allow exploiting the 

stack effect ventilation by combining the automation of openings in the façade and of the 

existing skylight openings. 

The control strategy for natural ventilation is based on the following conditions. 

During the market opening time:  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Weekday

Out of operation Preparation hour - Evening

Preparation hour - Morning Business hours
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 If the outdoor climate is not suitable for natural ventilation, air handling unit works on 

recirculation mode with minimum airflow; 

 If the outdoor climate is suitable for natural ventilation to provide fresh air, the level of 

CO2 is over the maximum concentration level allowed but there is no cooling need, 

windows are opened with opening factor set to 0.2 (opening angle = 18°) and the airflow 

from air handling unit is reduced proportionally; 

 If the outdoor climate is suitable and there is cooling need, windows are opened with 

opening factor set to 0.4 (opening angle = 35°), the airflow from air handling unit is 

reduced proportionally; 

 If the outdoor climate is not suitable and there is cooling need, windows are closed and 

the air handling unit provides the hygienic airflow rates. 

During the market closing time, if the day was hot, night cooling is activated by opening all 
windows with opening factor set to 0.4 (opening angle = 35°). 

Therefore, the inputs generally needed for the control of natural ventilation are: 

- opening time schedule; 

- outdoor air temperature, wind velocity in every direction and precipitation sensor 

measured by an on-site weather station; 

- indoor air temperature measured in strategic and representative areas of the shopping 

center; 

- temperature limits for the comfort zone. 

The following architectural and system components need to be actuated and controlled: 

- façade and skylight openings or group of openings; 

- fan inverters; 

- heat recovery override; 

- cooling unit. 

The control strategy for natural ventilation might vary depending on climate, thermal comfort 

and Indoor Air Quality (IAQ) requirements, HVAC system, internal layout of the common areas 

and openings position. Therefore, the control strategy can be very specific and case 

dependent. 

As example, here follows a flow chart related to the control rules for natural ventilation of the 

demo case Mercado del Val in Valladolid (Figure 31) where: 

T_in = indoor temperature measured by the temperature sensors referred to each opening 

group  

T_out = outdoor temperature measured by the on-site weather station  

Tout_8h) = average outdoor temperature over the previous 8 hours  
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Figure 31 – Flow chart of ventilative cooling control rules 

 

4.1.4. RES and energy storage 

The maximization of Renewable Energy Source (RES) contribution can be achieved 

integrating RES local generators and electricity storage. This can be accomplished by avoiding 

batteries charge (and also discharge) from electricity grid and prioritizing RES generators 

contribution. In addition to this, the batteries array is charged only from these units, avoiding 

the interaction of the batteries with the electricity public grid. At the same time, batteries 

discharging will only be done to the loads connected to the grid. In this situation, the grid will 

be used as backup system to guarantee the successful operation of the loads.  

The following control rules do not take into account economic aspects aimed at taking profit 

from beneficious level prices of the electricity from the grid. 

The operation of the units is based on the comparison between total local generation (PDG) 

and the total amount of loads (PLOAD). According to the final result of this comparison (positive 

or negative), the system will take the decision regarding the direction of the power flow, PFLOW, 

ordered by priority: loads and/or batteries and/or finally the electrical grid. 



 
 
 
 

 
 

51 

D4.2 - Retrofitting technologies, solutions and scenarios 

The variables defining the batteries array operation are the maximum charge/discharge power 

and the upper (FSoCupper) and lower (FSoClower) levels of the Fractional State of Charge 

(FSoC). Considering the interaction possibilities of each unit (generator, load, generator or 

load), the system will manage the connection options in order to satisfy the strategy defined.  

Figure 32 shows the decision process to define the operation mode of the battery and the 

connection power of this unit. 
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Figure 32 –Decision process to define the operation mode of the battery and the connection power of this unit 

As it can be seen, according to the FSoC value, the battery will be connected or disconnected. 

Moreover, depending on the balance between generation and demand, the batteries will 

supply energy or get energy from the system. Finally, once the operation of the battery is 

decided, the electricity grid will act as buffer (positive or negative) to balance the system, as 

shown in the figure below: 

As it can be seen, if the final result from the sum of PFLOW and the battery power connection 

(PBATT) is positive, there is net power generation and the electricity grid will get this exceeded 

energy. On the other hand, if the result is negative, the electricity grid will provide the needed 

energy in order to maintain, as said before, the power balance in the system. 
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4.1.5. Maximization RES use in PV + battery systems  

In this paragraph, it is presented a control strategy that aims at maximizing the RES generation 

through priority schedules as well as optimizing the RES interaction according to economic 

and environmental criteria. To this aim, a linear optimization method evaluates a cost function 

in order to minimize or maximize the function defined. 

The problem is defined based on the following premises: 

- day ahead electricity grid price/emissions/Primary Energy (PE) forecast; 

- day ahead weather dependent RES generation forecast; 

- restrictions definition (limits on generation, storage, etc.); 

- allow electricity battery charge/discharge from electricity grid; 

- strategy generation horizon: 24 hours; 

- strategy generation frequency: 1 hour (periodic), under special requirement (different 

alarm levels); 

- real time adjustments. 

The control strategy foresees different operation modes that can be defined: 

- Minimize operational costs: €. 

- Minimize associated emissions and/or not renewable energy: kgCO2. 

- Minimize associated primary energy demand: kWh. 

The cost function definition is based on the following points: 

- Low level requirement: % deviation between weather dependent units prediction and 

real production > predefined value. 

- High level requirement: Unit failure. 

At the same time due to “errors” on predictions, real time adjustments rules are needed to be 

defined according to the points below: 

- % deviation between weather dependent units prediction, real production and demand 

< predefined value. 

- Real time power balance adjustment, avoiding electrical grid domination. 

- Usage of controllable generation units prioritizing RES units. 

- Storages not to be used in order to avoid perturbations on the predictions strategy 

assumptions. 

Figure 33 schematizes the inputs, configuration parameters, internal variables and output 

listed above. The algorithm that solves the presented problem and decides the batteries 

operation modes is represented in Figure 34. 

The result of this is a strategy based on power profiles for controllable units (Batteries array, 

ICE, ORC, etc). Figure 33 summarizes the explanation of the previous strategies. 
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Figure 33 – Explanation scheme for PV + wind + battery + grid 
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Figure 34 – Operation scheme for PV + wind + battery + grid 

4.1.6. Solar Thermal system  

The installation of a solar thermal system in a shopping mall can contribute to the energy 

reduction used for the hot water production for the supermarket, common area cleaning and 

toilettes. 

The maximization of solar energy production can be achieved by the use of a dynamic set-

temperature for the supply solar collectors temperature. The coordinated regulation of the 

generation system and the storage allows knowing the present heat capacity and the flow 

temperatures of the solar system. 

The control rules for the dynamic set of solar supply temperature set points (depending on 

ambient temperature) are: 

 IF ambient temperature is < 10 C  THEN supply set point = 40 C 

 IF ambient temperature is 10…15 C  THEN supply set point = 50 C 

 IF ambient temperature is 15…20 C  THEN supply set point = 60 C 

 IF ambient temperature is > 20 C  THEN supply set point = 70 C 

 Hysteresis for ambient temperature: +/- 1 K 

The control rules for the definition of the position of the storage switch valve, that means 

charging through solar energy, are: 

 IF secondary solar supply temperature is > than top storage temperature 
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• THEN switch valve position on top level 

• ELSE switch valve position on lower level 

Hysteresis for switching the valve: - 5 K 

A scheme of the described control strategy is reported in Figure 35. 

 
Figure 35 – Control rules for a solar thermal system 

4.2. Examples of sub-systems integration  

The advantage of having a main control, (as the iBEMS project partner Schneider developed 

in CommONEnergy), able to read information from the single sub-system and give feedbacks 

or commands, allows i) connecting some subsystems for avoiding conflicting operational 

modes, ii) monitoring the system operation and iii) exploiting waste energy from one part of the 

system for being used by another part of the system. 

Hereafter, we report some examples of integration of different subsystems where the efficacy 

of the application is proved by simulations. The used simulation environment is the IME, 

explained in the D4.1 [11]. 

4.2.1. Integration of natural and mechanical ventilation 

The integration of natural ventilation together with mechanical ventilation allows to exploit the 

benefits of windows opening and stack effect for ventilating/cooling the common areas. 
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Although natural ventilation is in some cases used, it is not often connected to the HVAC 

system. As a consequence, the advantages obtained by ventilative cooling are neglected with 

an additional energy consumption from the HVAC system. 

A deeper presentation of the technology, energy and economic savings and control strategies 

are reported in the Deliverable D3.3 [10]. In the following, we report an example of control 

strategy and simulated savings.  

Natural ventilation can be activated during opening time if the outdoor temperature is within 

the comfort range and the measured indoor temperature exceeds the cooling set point. 

If it rains or the wind velocity exceeds 7m/s, then all the openings are closed down. If wind 

speed is above 4 m/s and prevail from the opposite direction of east/west window row, that 

row will stay close. 

The Air Handling Unit (AHU) has to be turned off whenever doors or skylights are opened.  

In order to prevent cold draughts, the opening angle of the skylight windows is modulated 

according to the outdoor temperature. 

 

Potential energy savings are estimated by building energy simulations. The control strategy 

has been implemented in an airflow network model and coupled with the thermal model. 

Baseline simulations were run in unlimited power mode, where the generation system is 

assumed to always have the power necessary to keep indoor temperatures within 20°C 

(heating set-point) and 25°C (cooling set-point) during the opening time of the shopping centre. 

The mechanical ventilation is always on during opening time and provides the minimum 

required air change rates. 

The graph in Figure 36 shows the percentage of opening time when natural ventilation is 

activated and effective (MODE 1), when natural ventilation is activated but the minimum airflow 

rates are not met (MODE 2) and when mechanical ventilation is needed (MODE 3). Results 

refer to a historical renovated market located in Valladolid (Spain). 
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Figure 36. Percentage of opening time when natural ventilation is activated and minimum required airflow 

rates are met (MODE 1), minimum required airflow rates are not met (MODE 2) and mechanical ventilation is 

needed (MODE 3). 

Since the HVAC model is ideal, the following efficiencies have been considered for the 

estimation of the electricity consumption due to heating (COP), cooling (EER) and ventilation 

(MVHRel): 

 COP/EER = 2.36 

 MVHRel = 0.45 Wh/m³ 

In order to estimate the savings in terms of operative costs, the cost of electricity is assumed 

to be 0.12 €/kWh.  

 

Table 8. Estimated energy consumption and cost savings for the mixed (natural+mechanical) ventilation case 

compared to the pure mechanical ventilation. 

 Mechanical 

ventilation 

Mixed 

ventilation 

Daytime natural ventilation operating hours [hr/y] 0 385 

Mechanical ventilation operating hours [hr/y] 4,538 4,153 

Consumed electric energy for ventilation [MWh/y] 43 39 

Consumed electric energy for heating [MWh/y] 60 60 

Consumed electric energy for cooling [MWh/y] 28 22 

Tot electric energy consumption [MWh/y] 131 121 (-7%) 

Operating costs saving [€/y] - -1,158 
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Figure 37. Predicted electricity consumption of common areas with and without natural ventilation.  

The estimated energy savings are summarized in Table 8. The total electricity consumption 

for heating, cooling and ventilation of the common areas over the whole reference year is 

reduced by a 7% thanks to the exploitation of natural ventilation. 

Simulation results showed that, with the control strategy defined, natural ventilation is effective 

in providing the minimum required air change rates for 98% of its activation time. 

The operating cost savings are approximately 1100 €. 

 

4.2.2. PV-BES system for different load in a shopping mall case study 

 

This section describes the modelled system, simulation and results of photovoltaic-battery 

energy storage (PV-BESS) system in the Genova demo-case, supposing the scenario where 

the PV-BESS system is used for the shopping mall load. Figure 38 shows the PV and battery 

energy storage system (BESS), the inverter/regulator which implements also the control rules 

(CL), the load consumption and the grid connection. For more details on the numerical model, 

please refer to D4.1 [11] or D4.6 [13]. 
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Figure 38 – Conceptual scheme of PV-BESS load system modelled 

The power flows are driven by the regulator that works in “load priority”. This means that first 

of all, the PV production covers the demand from the load and then, in case of overproduction, 

the power is stored into the battery. Once the PV is not able to cover all the required demand, 

first the load is supplied by the battery, if the state of charge of the battery is equal to the low 

state of charge, the rest of the power is imported from the grid. According to these logics, 

following are reported some example of simulated results, extensively described in D4.6 [13]. 

Assuming to install 300 kWp of PV, different battery size (e.g. 0, 50, 100, 150, 200 kWh) and 

to have an energy consumption equals to measured data in 2013 in Genova supermarket, a 

typical summer week is given in Figure 39. 

 

 
Figure 39 - A typical summer-week profile with 300 kWp of PV 
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While self-consumption, self-production and CO2 reduction are shown in Figure 40. 

 
Figure 40 - Percentage of self-consumption and self-production for different sizes 

As it is possible to see from the previous plot, even when the BESS capacity increases, the 

analysed performance index are very similar. This is due to the low size of PV that is totally 

used to cover the supermarket production. In this case, the advantage to install the battery is 

negligible. 

An economic evaluation of the opportunities of PV-BESS in commercial building is given by 

the simple return of investment index that is the payback time (in year). For the previous 

example, the behaviour is shown below: 

 
Figure 41 - ROI of PV and battery system for supermarket energy consumption 

The conclusion are that when the energy consumption is large (e.g. in the case of supermarket) and 

happens in the same interval time of PV production, the self-consumption and self-production are 

approximatively constant varying the BESS capacity. This means that with the considered PV size 

there is not a significant overproduction that can be stored into the battery. However, the payback time 

does not increase too much with the respect to the case without BESS. This is a preliminary condition 

for additional scenarios where the BESS has more advantages as in the case of a smaller load (lower 

energy consumption) or in the case when consumption and production are not simultaneous. Refer to 

D4.6 [13][13]. 
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4.2.3. Refrigeration system with fire water tank  

Various solutions are being implemented to improve the energy performance of CO2-based 

refrigeration systems especially in mild climate. As a consequence, a number of different plant 

layouts have arisen as well as the relative level of complexity.  

One of these solutions is the use of a cold storage to cool down the refrigerant at the exit of 

the gas cooler/condenser in a “booster” cycle. In order to reduce the layout complexity and 

exploit elements already present in a shopping mall, the fire water tank can be used as cold 

storage. Another advantage of this is that during the night, when the cooling load from 

refrigerated food storage equipment is lower and refrigeration power is available with the 

highest COP, the refrigeration system is used to cool down the water of the tank (recharging 

operation). 

The case here presented refers to one of the reference cases studied within CommONEnergy, 

the Genoa case. The dynamic simulation involves the whole shopping centre, meant as the 

building and the HVAC + refrigeration systems. The cooling load profiles come out from the 

simulation of the display cabinets and the cold rooms, taking into account the realistic indoor 

conditions of the supermarket zone and all auxiliary thermal loads coming from lighting, 

defrosting, anti-mist heaters. 

 

Figure 42 – layout of the solution with fire water tank coupled with the refrigeration system 
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Due to the supermarket loads and system configuration (high distance between the tank and 

the refrigeration circuit), the solution seems to be not so convenient. A parametric study has 

been performed to analyse if under other boundary conditions, the installation of this system 

is worthy. The three analysed cases are described as follows:  

1. Sub-cooling: the water of the cold storage is used to cool down the refrigerant at the 

exit of the gas cooler/condenser through the heat exchanger HX1 (the HX2 heat 

exchanger and the auxiliary compressor are not present in this configuration). 

2. Sub-cooling with auxiliary compression: the system is provided with an auxiliary 

compressor that compresses the flash gas from intermediate pressure level to the high 

pressure level. 

3. Recharging with auxiliary compression: during the day, sub-cooling is performed 

through HX1 heat exchanger, while during the night, the refrigeration system, through 

HX2 heat exchanger is used to cool down the water of the tank in order to contrast the 

temperature rise produced by sub-cooling. 

The results of the parametric analysis are shown in Figure 43 where the electric consumption 

of the refrigeration circuit is presented depending on the studied solution and the volume of 

the fire water tank. As it can be seen, the energy savings obtained in all the cases are not so 

high (mainly because of the high heat losses due to the distance between fire tank and 

refrigeration cabinets and also for the building loads typology) to justify the investment.  

Thanks to the simulation work, the above-mentioned solution has therefore not be taken into 

account for this specific case. However, further studies with this application in other shopping 

malls typologies, with different layout, or climate conditions can demonstrate its validity. 

 

 

Figure 43 - Electric consumption of three different solutions depending on the fire tank volume 
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4.2.4. Refrigeration with sub-cooling system  

In systems with technologies using CO2 as refrigerant fluid, when external temperature rises, 

efficiency of the refrigeration system considerably decreases. A way to increase the efficiency 

of the circuit is sub-cooling the refrigerant once outside the gas cooler. Different solutions can 

be used to sub-cool the system: 

 mechanical sub-cooling with an external unit; 

 groundwater source; 

 A/C (Air Conditioning) chillers; 

 any other external source with a temperature lower than the ambient temperature. 

 

The first solution is a small dedicated moto-condensing unit used only for sub-cooling the 

refrigeration system; the second solution can be implemented depending on the groundwater 

sink availability and water conditions; in the third solution, the A/C source consists in the 

integration with the water base HVAC and represents a natural solution when a small amount 

of addition cooling power is available.  

Looking at the third solution, activation of the sub cooling always decreases the refrigeration 

consumption but it increases the consumption of the A/C system and generation required to 

transfer the heat between the A/C rack and the refrigeration gas-cooler. 

Cost-effective solution must consider four aspects: 

- efficiency of the A/C; 

- efficiency of the refrigeration; 

- power consumption of the water pump; 

- gain in efficiency of the refrigeration system after the activation of the sub-cooling. 

 

As a consequence, in order to maximise the overall energy efficiency, the control strategy 

has to evaluate or estimate (see also Figure 44): 

- the availability of the refrigeration system to activate the sub-cooling; 

- the availability of A/C power for refrigeration; 

- the internal condition of the shopping centre to decide if a portion of the A/C power 

can be used to sub-cool the refrigeration system with or without compromising the 

internal comfort; 

- the efficiency of the A/C and the refrigeration system rack. 
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Figure 44- Control rules to decide activation/deactivation of sub cooling 

 

Simulation results with different A/C efficiency at 25°C of external temperature show that 

energy savings are obtained when the A/C system has an efficiency higher than 3 (see Table 

9). 

 

Table 9 - Influence of the A/C efficiency on the overall energy consumption of a sub cooling system 

EER A/C [-] 2.00 3.00 4.00 

Percentage of cond. power sub cooled [%] 20% 20% 20% 

EER refrigeration without sub-cooling [-] 2.02 2.02 2.02 

EER increasing in refrigeration with SC [%] 28% 28% 28% 
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External Temperature [°C] 25.00 25.00 25.00 

Head pressure [m.c.w.] 5.00 5.00 5.00 

Specific water heat [kJ/kgK] 4.19 4.19 4.19 

Water temperature difference in/out [K] 5.00 5.00 5.00 

Pump efficiency [-] 0.20 0.20 0.20 

Saving 
 

-8.77% 1.30% 6.34% 

 

4.2.5. Refrigeration and Solar thermal system: Solar cooling & heating 

& refrigeration sub-cooling  

 

The solution here presented suits with those cases with heating and cooling demands, but 

cooling dominated. Moreover, the location should have a big amount of sun hours without 

shadowing by surrounding buildings. The system is composed by solar thermal collectors and 

auxiliary heat source for heating load; absorption chiller and electrical chiller cover the cooling 

load; water tank for short term thermal storage and refrigeration system is used for heat 

recovery and cooling purposes. 

The main driver for the system size is the cooling demand. The sizing of the thermal solar 

system can be optimized taking into account the wasted heat of the refrigeration system. 

Thermal energy gains in time of no cooling demand can be used for heating purposes. 

Furthermore the refrigeration system is used to maintain the heat storage temperature stable 

during night when solar thermal collectors are not in use reducing the request to the auxiliary 

heat source. Additional refrigeration heat recovery during summer is used to the absorption 

heat pump for sub-cooling the refrigeration gas cooler output, increasing therefore the 

performance (see Figure 45). 

 



 
 
 
 

 
 

66 

D4.2 - Retrofitting technologies, solutions and scenarios 

 
Figure 45 – Scheme of Solar cooling & heating & refrigeration sub-cooling 

During the winter, the system recovers the highest temperature heat fraction for heating (small 

fraction of the total condensing heat); while in summer the recovering of the highest 

temperature heat contributes to run the absorption chiller adding this heat to the one coming 

from the solar thermal power. The refrigeration performs on demand as an additional load to 

the absorption chiller activating and deactivating sub-cooling on demand (i.e. during store 

period to prevent stagnation on the solar thermal field, enhancing overall energy efficiency). 

The above control strategy can be reported with the following rules: 

Winter: 

- If water tank temperature < refrigeration discharging temperature + 5K  heat recovery 

pump on (differential to be foreseen, ex. +3K); 

Summer: 

- If water tank temperature < refrigeration discharging temperature + 5K  heat recovery 

pump on (differential to be foreseen, ex. +3K);; 

- Similar to sub-cooling rules + request coming from the absorption chiller to create 

additional load to prevent stagnation or absorption chiller start and stop. 

 

The control rules can be summarized in the flow chart of Figure 46. 
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Figure 46 – Flow chart of solar cooling, heating and refrigeration sub-cooling solution 

 

4.2.6. Refrigeration and Solar thermal system: Heating with common 

storage use & refrigeration cold storage  

 

The interconnection of the refrigeration system with the HVAC system, together with thermal 

storages, allows exploiting the waste heat from the refrigeration to the HVAC system and the 

sub-cooling on the refrigeration system. 

This kind of solution is particularly suitable for those cases with heating and cooling demand, 

but heating dominated. The used systems are: solar thermal collectors for heating load; 

heating water tank and fire prevention water tank as thermal storage; HVAC heat pump and 

refrigeration system for heating and cooling purposes. 

The main function of this system is the use of two different water tanks. Both can be fed 

depending on the working condition by the solar thermal collectors, the HVAC heat pump 

and/or the refrigeration system. The heat storage tank serves as short-term hot water storage 

for direct heating usage at the temperature level that is requested by the heat application. 

The fire prevention water tank is used as a low temperature long-term storage. The solar 

system yield can be raised by the additional low temperature heat sink. The refrigeration 
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system uses the tank to sub-cool the gas cooler section in summer days and to charge the 

tank with low temperature heat during winter as well as to recharge the storage in summer 

nights. The HVAC heat pump uses the fire prevention water tank as a heat source during winter 

(see Figure 47). 

 

 
Figure 47 – Scheme of the heating with common storage use & refrigeration cold storage solution 

 

Following the system control strategies, during the winter, the water tank is maintained at 

constant temperature recovering the main part of the condensing waste heat (low temperature) 

and the highest temperature heat fraction for heating system (small fraction of the total 

condensing heat). During the summer, instead, if required the highest temperature heat is 

recovered for heating the system (mainly DHW); the refrigeration uses the water tank to sub-

cool itself when the water temperature allows this. 

The control rules that translate in actions this strategy are shown in Figure 48 (for the winter 

case only) and listed here following: 

Winter: 

- If water tank temperature < +15°C  Pump on  Refrigeration condensate inside 

water tank to increase water temperature (differential to be foreseen: ex. +3K); 

- If water tank temperature > 5°C  HVAC heat pump uses water tank to provide heating 

to the building when required. 
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Summer: 

- If water tank temperature < gas cooler outlet temperature + 8K  sub-cooling pump 

start; 

- If water tank temperature > gas cooler outlet temperature + 4K  sub-cooling pump 

stop. 

 
Figure 48 – Flow chart for heating with common storage use and refrigeration cold storage solution 

 

4.2.7. Water loop heat pump and refrigeration system 

The solution here presented is mainly suitable for shopping malls with predominant heating 

demand as the waste heat of the refrigeration system can be used for space heating or hot 

water production. In cases where the generation system is made of water-to-water heat pumps 

and they are connected in a water loop, a solution could be to exploit the waste heat coming 

from the refrigeration circuit for maintaining the water loop temperature within a certain 

temperature range. Generally, a heat pump water loop (WLHP) is maintained within a 

temperature range by a cooling tower and an auxiliary heater in order to let the heat pumps 

work in an optimal temperature range in the sink/source side.  

The coupling of the refrigeration circuit with the water loop can be realized through a heat 

exchanger in order to transfer rejected heat from the refrigeration circuit to the water loop (see 

Figure 49). The water loop temperature is measured by a sensor: once the temperature drops 
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down a set value, first the exchange with the refrigeration is enabled and, in case of additional 

heat, the auxiliary heater is activated. 

 

 

 

Figure 49 – Layout of a heat pump water loop coupled with the refrigeration circuit. 

The expected savings refer to the reduction of heat pumps electricity consumption in the cold 

season. A study has been conducted on one of the reference case, the shopping mall located 

in Genoa. Here, the temperature are mild in winter, so the presented solution is not applied to 

the most favourable case. However, in the analysed case the heating season is not 

predominant, the savings on the heating consumption amount to 12%. Cases with longer 

heating periods or contemporaneity of different loads can expect higher savings. 

circuit 

circuit 

circuit 



 
 
 
 

 
 

71 

D4.2 - Retrofitting technologies, solutions and scenarios 

 

4.2.8. Coupling between HVAC and refrigeration system 

One more example of coupling between refrigeration and HVAC system is presented in this 

paragraph. Within the refrigeration circuit there are installed four heat exchangers with the 

following functions (see also Figure 50): 

1. Recovery of heat from the booster cycle to the DHW production (high temperature); 

2. Recovery of heat from the booster cycle, after the DHW production, to the post heating 

in summer period (low temperature); 

3. Sub-cooling of the refrigeration circuit from the heat pump of the HVAC system in those 

cases of availability of cooling load from the heat pump and high temperatures in the 

refrigeration circuit after the gas cooler; 

4. In the reverse situation of point 3, in case of cooling need from the heat pump, the 

refrigeration circuit could contribute with some cooling load. 

The working modes involved in points 1 and 2 aim at recovering the waste heat from the 

refrigeration circuit and reduce the load for the gas cooler. The sub-cooling working mode 

requires an extra consumption of the heat pump, but on the other side, when the refrigeration 

circuit works with lower temperature, the efficiency increases so the electric consumption of 

the compressor decreases. Working mode described in point 4 is under study and it is only 

used as back-up solution. 

 

Figure 50 – Layout of the solution with heat recovery from the refrigeration system to the DHW production and 

post heating; sub-cooling from the HVAC and possibility of cooling back-up from refrigeration to HVAC system 
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5.  Conclusions 

Shopping malls are high demanding buildings due to the maintained internal thermal and visual 

comfort and due to refrigeration loads. The reduction of energy consumption sometimes seems 

too expensive or trait for few. Substituting the existing lighting system and changing the set 

temperatures can help on obtaining important energy savings. Albeit, other aspects of a 

shopping mall are often neglected although they can bring improvements on the whole system. 

Set an internal temperature in function of external temperature, choose an efficient generation 

system and refrigeration system and manage and monitor the internal conditions can bring up 

to 70% of final energy savings [15]. These savings are also obtained thanks to the re-use of 

wasted energy and the interaction between different systems (natural ventilation and/or 

daylight with mechanical ventilation, refrigeration with HVAC system, electric storages…).  

The use of heat recovery systems in shopping malls, in fact, allows improvements of the energy 

efficiency EER ratios in the refrigeration cycle and COP in the heat cycle which results in 

savings of the consumed electricity.  

In addition to this, even more savings can be achieved thanks to the implementation of 

advanced control strategies that integrate different systems of the same shopping mall. 

Examples of interaction between subsystem can be: i) natural ventilation with mechanical 

ventilation and shading system; ii) PV production and electric storage for the self-consume or 

self-production; iii) refrigeration system with HVAC system for sub-cooling; iv) refrigeration 

system with solar system for heating storage; v) refrigeration system with solar system and 

solar cooling. 

The study of different solutions applied to a shopping mall through numerical simulations helps 

to assess the estimated savings, building and systems performance and comfort level taking 

into consideration the interaction of all the systems. Moreover, a preliminary study through 

simulations assists during the design phase reducing extra costs in the choice of the applied 

measures. Before the commissioning phase, control strategies can be tested with numerical 

models in order to avoid manual tuning; during the operation, the assessed performance helps 

to individuate malfunctioning and consequently implement improvements. 

The amount of savings related to a specific solution is strictly related to the application. 

Although the reduction of electric consumption is in some cases in the order of few percentage 

points, in absolute terms it can represent a not negligible final cost savings. 

The methodology described in this document can be used for studying the implementation of 

other systems interaction. In addition, the availability of monitored data can be used for the 

models validation. New control algorithms can be firstly tested in a simulation environment as 

well as set-points tuning; afterwards, the improved control rules can be implemented in the 

field and expected savings verified with the assessed ones. 

Due to the complexity of shopping mall systems and the influence that each part of the whole 

system has on the overall final energy consumption, the study of systems integration and 

exploitation of waste or unrecovered systems is required both during the design and the 
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operational phase. In fact, understanding how the building loads change as consequence of 

retrofit measures or adopted control strategies enables a more accurate equipment sizing and 

overall shopping centre renovation. During the operational phase, benchmarking the actual 

performances with the assessed ones allows individuating possible malfunctioning or 

foreseeing improvements of the control strategies. 
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Appendix 1 

Generation and distribution systems commonly used in shopping 

malls 

 

 Generation systems 

The most common generation systems used in shopping centres are boilers and compression 

chillers for thermal energy, and power generators for electricity. New solutions that are 

integrated and are becoming more and more used are heat pumps for thermal production and 

PV for electricity. Cogeneration allows electrical and thermal energy to be produced 

simultaneously and absorption cooling machines coupled with solar thermal panels can even 

increase the use of solar energy to produce cold through absorption processes.  

In the following part, the main applications, advantages and disadvantages of thermal and 

electric generation devices in shopping malls are presented. 

 

Boilers 

Boilers are almost certainly the best known energy and hot-water-heating generators in 

contemporary society. Today, condensing boilers are the most efficient ones. This type of 

boiler can have an annual efficiency of 87%, which is significantly higher than the 75% of the 

more traditional types. This increased efficiency is reached due to the extraction of heat from 

wasted flue gases. 

On the other hand, the biomass concept is very extensive because it includes all kinds of 

organic matter, of animal or vegetable origin. Among the technologies used in a commercial 

building, biomass probably plays the most notable role in the use of so-called pellet boilers, 

which are very likely to receive the energy certification since the used Primary Energy is very 

low.  

The main advantage, appreciated also in shopping malls, of using boilers is the capability to 

provide heat despite the external conditions. On the other hand, the main drawback is the 

lower efficiency, and consequently, higher final energy consumption, with respect to heat 

pumps. 

 

Solar thermal 

As far as renewable energy is concerned, solar thermal energy for producing hot water is 

undoubtedly more advisable for locations where a considerable amount of irradiation can be 

gathered. 

In order to capture the largest possible amount of sunlight, solar collectors are installed on the 

roof top or canopies. The choice of the most suitable installation typology is strongly influenced 

by the available installation space and cost for building sites. Especially in shopping malls 

where the available flat surface on roofs is relevant, the installation of solar panels could be 

appropriate. 
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Solar collectors can be connected to Daily Hot Water Storage (DHWS) systems for a direct 

thermal energy supply to the users, or combined with Seasonal Thermal Energy Storage 

(STES) systems. STES systems are generally used to store the heat produced by solar 

collectors in the summer months and deliver it for heating the connected buildings in winter. 

 

Geothermal applications 

Another possibility for highly viable use in shopping centres is the use of geothermal energy. 

This type of energy can be exploited through geothermal heat exchangers or thermoactive 

foundations, consisting of energetically activated piles needed to support the building.  

Geothermal heat exchanger are also commonly used in shopping centres as source/sink for 

water-to-water heat pumps. 

 

Cooling units 

The most common cooling units used in shopping malls are air-cooled and water-cooled 

chillers. Air-cooled chillers cost significantly less per ton than water-cooled systems, primarily 

because they require fewer components to build and operate, and they also require less 

support equipment and plumbing. The installation of an air-cooled chiller is faster and easier 

than that of a water-cooled chiller. While central air-cooled chillers are typically located outside, 

most portable air-cooled chillers are indoor systems and send a stream of warm air directly 

from the condenser fan to the plant floor. This may be undesirable, except during cool weather 

when the warm airflow produced by the condenser fan can supplement a plant´s space heating 

system. Where chiller space is limited or the ambient temperature is high, air-cooled 

condensers can be located outdoors, distant from the main chiller, to save space or improve 

condenser performance. 

 

Heat pumps 

Heat pumps have the advantage of covering both cooling and heating needs. In climatically 

mild geographic areas, their use is more than justified, providing solutions for all HVAC needs 

of a mall. Moreover, they are reversible machines and, compared to traditional solutions, they 

also save space and require less maintenance.  

An Air-Source Heat Pump (ASHP) is a heating and cooling system that uses outside air as 

heat source. In general, an ASHP can extract heat from the air until an outside temperature of 

-15° C. As a consequence, ASHPs are not always very efficient for heating in areas with cold 

winters. Within a temperature range of -3°C to 10°C, the COP for many machines is fairly 

stable at 3-3.5 and it might be up to 4 in mild weather. 

A Ground-Source Heat Pump (GSHP) is a central heating and/or cooling system that pumps 

heat to and from the ground. The ground acts as a very large storage of thermal energy: it is 

used as heat source in winter and heat sink in summer. Depending on the latitude, the 

temperature beneath the upper 6 meters of undisturbed earth surface maintains a nearly 

constant temperature of 10÷16 °C. In general, thanks to the stable underground temperature, 

exchanging heat with the ground turns out to be much more energy-efficient than exchanging 
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heat with the air. GSHP systems make use of a heat pump in order to extract ground heat in 

the winter and transfers heat back into the ground in the summer. Therefore, the GSHP system 

has to be sized appropriately according to the seasonal loads. For GSHP systems, the COP 

can range from 3 to 6. GSHPs may be combined with a solar heating field that recharge the 

ground and obtaining even greater efficiency. 

 

Power generators 

Power generators are capable of producing electricity by moving an electric generator through 

an internal combustion engine. They are commonly used when there is a shortage of electricity 

generation in the area in question or when the cuts in electricity supply may become frequent. 

In most countries, the inclusion of this type of generators in busy public places like shopping 

centres is required by law. Generators are useful appliances which can supply electrical power 

during a power outage and prevent discontinuity of daily activities or disruption of business 

operations.  

 

Solar photovoltaics 

Solar PV systems allow the direct conversion of the energy from sunlight into electricity through 

the so-called photovoltaic cells or panels. There are two large groups of systems within the 

general concept of solar energy: isolated systems (independent from the electricity grid) and 

grid-connected photovoltaic systems. Almost all existing shopping centres that use 

photovoltaic systems are included in the latter group. The electricity generated by PV systems 

could be used to self-manage demand (partially or completely) of a mall. Depending on the 

country, it could be more convenient to inject the all generated electricity into the grid or fed it 

only with the overproduction. 

 

Co and tri-generation 

The possibility of including cogeneration systems on the premises of shopping centres is a 

topic that requires a very detailed and in-depth analysis, since it is subject to a number of 

factors widely differing from each other. First, to consider the installation of cogeneration, it is 

necessary that the equipment provides at least 5,000 hours per year, with major electrical 

consumption (min. 2,000 MWh) and high heat and cold demand. Currently, in shopping centres 

where trigeneration systems can be found, part of the recovered heat is used to feed into the 

absorption chiller to produce cold, which results in a highly efficient system. In these cases, an 

absorption chiller is linked to the Combined Heat and Power (CHP). 

There are multiple benefits to use a Tri-generation System: onsite, highly efficient production 

of electricity and heat; savings on energy costs (the quantity depends on the relative price of 

gas and electricity to the site); savings on greenhouse gases; back-up power to the site or 

independence from the grid. 

CHP plants can be deployed quickly and with few geographic limitations. Furthermore, one of 

the main advantages is the degree of efficiency that can be reached compared to a traditional 
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method of separate production of heat and power. CHP systems can implement the efficiency 

levels by 35% (from 45% up to 80%).  

 

 Distribution systems 

In the distribution network, a thermal fluid will transport heat or cold from the generator 

equipment to the terminal units. The lines of a distribution network, from one or more suppliers 

and through secondary branches, end with terminal units. The technical characteristics of 

these lines mainly depend on the specification fluid which circulates through them. 

Like heat transfer media (thermal distribution system media), HVAC+R systems are also 

classified into air, water and refrigerant systems. Design complexities have also led to a closer 

classification of these systems into:  

 All-air systems; 

 Air and water systems; 

 All-water systems; 

 Direct refrigerant systems. 

In the following, description, advantages, disadvantages and application of different distribution 

systems is reported 

 

 All-air systems 

As the name implies, in an “all–air” system, air is the medium that transports energy from the 

conditioned space to the air conditioning plant.  

It normally has the cheapest equipment cost, but it is not necessarily easy or cheap to install 

in a building, due to the size of ducting required and the cost of installation. Controlling 

temperature properly can be difficult and the system may not be energy-efficient. It should be 

noted that the all-air system is generally rated better than the other systems, even though air 

holds much less heat per volume unit than water. 

A schematic arrangement of an all-air system with its major components is shown below: 

 
Figure 51 – All-air system [1] 

This heat-carrying limitation makes all-air systems utilize higher duct velocities (reducing duct 

size). The high velocity causes higher friction losses and noise levels, which in turn results in 
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higher energy demand by the fans. This is why the use of higher velocities is only needed in 

case of extreme space limitations.  

The “all-air” systems are classified in two main categories: i) single-duct systems and ii) dual-

duct systems. Single-duct systems can again be divided into i) single-zone systems, ii) 

multiple-zone systems with terminal reheat and iii) variable-air-volume systems. 

Single-duct, constant-volume, single-zone systems: The simplest and most common of 

the “all-air” central systems is a single-duct, constant-volume, single-zone system. As the 

name already suggests, there is only one supply duct in this system, through which either hot 

or cold air flows, but not both simultaneously. Its volumetric flow rate of air supply is always 

maintained constant and its control is based on the temperature and humidity ratio, measured 

at a single point. In this context a zone refers to a space controlled by one thermostat. 

 

Figure 52 – Single-duct constant-volume single-zone system [1] 

Applications:  

The all-air single-zone air conditioning system is the basic central system, which can supply a 

constant air volume or a variable air volume at low, medium, or high pressure. Normally the 

air-handling unit is located outside the conditioned space. However, if conditions permit, it can 

also be installed within conditioned areas. Single-zone systems find many applications 

because of simplicity. Many large single-storey buildings, such as supermarkets or discount 

stores, can be effectively conditioned by a series of single-zone systems with each system 

serving a loosely defined region of the building. 

Single-duct, multi-zone systems with terminal reheat: For very large buildings, such as 

shopping malls with several zones of different cooling/heating requirements, it is economically 

not feasible to provide separate duct for each zone. For such cases, multiple-zone systems 

which use “reheat” to control the comfort conditions in each zone, are suitable. 

The figure below shows a single-duct, multiple-zone system with terminal reheat coils. In this 

system all the air is cooled and dehumidified (in summer) or heated and humidified (in winter) 

to a given minimum or maximum temperature and humidity ratio. 
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Figure 53 – Single-duct multi-zone system with terminal reheat [1] 

  

Applications:  

• Zone or space control for zones with different loading;  

• Heating or cooling of perimeter areas with different exposures;  

• In zones where close control of both temperature and humidity is desired in process or 

comfort applications;  

• Zones with high latent loads. 

Dual-duct systems: The dual-duct system employs two air ducts; one cold air duct and one 

warm air duct from the air-handler to the conditioned spaces. The cold and hot streams flow 

through separate and parallel ducts. The ducts are not necessarily of equal size, depending 

on the building heating and cooling loads. The system is well suited for providing temperature 

control of individual spaces or zones. Return air flows through a single-duct system. 

 

 
 

Figure 54 – Dual-duct system [1] 

 

Applications:  

Dual-duct systems are no longer popular due to their high energy consumption; 
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Variable-air-volume (VAV) systems: This is an alternative to constant-volume multi-zone and 

dual-duct systems which consume a significant amount of energy due to reheat. A variable-

air-volume (VAV) system changes the quantity of air supplied to a space in response to 

changes in loads. 

 

Applications:  

VAV systems are suitable for use in buildings having many zones with different cooling loads. 

VAV systems lead to significantly reduction consumption, especially in perimeter zones where 

variations in solar load and outside temperature allows for reduced air flow rates. Variable air 

volume systems are best suited for facilities over -900 m2, which require individual room 

control, and exhibit varying interior cooling loads. Buildings with a central corridor and rooms 

with exterior exposures located on both sides of the corridor (double loaded corridors), are 

usually not good applications for variable air volume. 

 Air-water Systems 

In an “air-water” system both air and water are used for providing the required environment in 

the conditioned space. These systems are mainly used in exterior buildings with large sensible 

loads and where close control of humidity is not required. The basic components of this system 

include a central plant for producing secondary water, a central plant for producing primary air, 

a room terminal (a fan coil unit, an induction unit or radiant panel), water pipes, pumps, air 

ducts and controls.  

The figure below shows the schematic of a basic air-water system. Even though only one 

conditioned space is shown in the schematic, in actual systems, multiple zones can be served 

simultaneously. 

 
Figure 55 – Air-water central systems [1] 

 

The controlled delivery of air and water to the room unit is dependent on the design ventilation 

requirement and the required sensible cooling capacity at maximum space load. In this system, 

cooling and dehumidification of the air takes place in the central plant and the air parameters 

are designed to offset the entire space latent load. While the air is responsible for providing 

the latent heat load, chilled water is supplied to the room unit to offset the sensible cooling load 

of the conditioned space. The water lines from the plant can be 2- or 4-coil depending on 

whether the system design is for cooling (or heating) only or for both cooling and heating.  

Applications:  
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These systems are mainly used in buildings with large sensible loads and where close control 

of humidity in the conditioned space is not required. These are commonly applied for perimeter 

spaces. 

 

All-water systems 

The all-water system uses water as fluid for the thermal distribution system. Since water is the 

only fluid transported between the air-conditioning plant and the conditioned space, separate 

provisions must be made for supplying the required amount of treated outdoor air to meet 

ventilation requirements.  

 

 

Figure 56 – All water system[1] 

 

Water systems control temperature only. The air is usually filtered through the indoor fan-coil 

terminal units. 

Applications:  

All-water systems are applicable where individual space temperature control is desired without 

close control of humidity, or where prevention of room-to-room cross contamination is 

advantageous. They are not well-suited for interior spaces. 

As in all systems using water as energy-transfer fluid, the all-water systems can be classified 

into 2-pipe and 4-pipe systems. A 2-pipe system can be used for either cooling only or heating 

only. The 4-pipe system, instead, can be used simultaneously for both heating and cooling.   

 

Two-pipe systems: A two-pipe system is used for either cooling only or heating only, but 

cannot be used for simultaneous cooling and heating. The figure below shows the schematic 

of a 2-pipe all-water system. 
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Figure 57 – Two-pipe system [1] 

 

 

Four pipe system: A four-pipe system consists of two supply pipelines – one for cold water 

and one for hot water – and two return-water pipelines. The cold and hot water are mixed in a 

required proportion depending on the zone load, then the mixed water is supplied to the 

conditioned space. The return water is split into two streams, one stream flows into the heating 

coil while the other flows into the cooling coil. 

 

 
Figure 58 – Four-pipe system  [1] 

 

 

Direct-refrigerant systems 

Direct-refrigerant systems consist of air-conditioning units with individual refrigeration systems. 

These systems are factory-assembled and are available in form of packaged units of varying 

types. The package unit consists of cooling and dehumidification coils, compressor(s), 

expansion device, condenser coil, fans, filters, controls, etc. In these systems, cooling is 

controlled by switching the compressor on and off. The fan speed can also be regulated to 
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provide modular cooling-capacity control or enable the unit to be used for air circulation only 

(switching off the refrigeration system completely). 

Applications: 

Individual compact units: Individual compact systems are direct-expansion (DX) systems. 

Unitary refrigerant-based systems are used where stringent control of conditioned space 

temperature and humidity is not required and where the initial cost should be low with a small 

lead time. These systems can be used for air conditioning individual rooms to large office 

buildings, classrooms, hotels, shopping centres, nursing homes etc. These systems are 

especially suited for existing buildings with a limitation on available floor space for air 

conditioning systems. 

 

Package air-conditioning systems: A package air-conditioning system is a direct-expansion 

(DX) system. If the refrigerant compressor of the outdoor unit of the split air-conditioning 

system is installed together with the indoor unit, it is called a packaged system. The 

compressor now is put indoors, making this machine less quiet than the split system. However, 

this allows a larger cooling capacity for the indoor unit. These systems are available in around 

10 to 350 kW capacities as well as in both air-cooled and water-cooled condenser options. For 

larger areas, multiple packages are sometimes used. They are characterized by a number of 

air conditioning units, each with its own refrigeration cycle. Package units are used in almost 

all types of building applications, especially in situations where performance requirements are 

less demanding, and a relatively low initial cost and simplified installation are important. Areas 

of application include offices, residential buildings, hotels, manufacturing plants, motels, multi-

occupancy dwellings, nursing homes, schools, shopping centres and other buildings with a 

limited lifecycle or limited income potential. 

 

Advantages and disadvantages of distribution system typologie 

 

 

All-air systems:  

Single-duct, constant-volume, single-zone systems 

Advantages: 

- Simple design;  

- Basic and least complex system;  

- Low first cost;  

- Easy to maintain.  

 

Disadvantages: 

- Conditioning of one zone only;  

- Difficult modification to serve multiple zones because control is achieved at the air-

handling unit level.  
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Single-duct, multi-zone systems with terminal reheat  

Advantages: 

- Relatively small space requirements;  

- Excellent temperature and humidity control over a wide range of zone loads;  

- Proper ventilation and air quality in each zone are maintained, as the amount of supply 

air is kept constant under all conditions.  

Disadvantages: 

- Expensive to operate;  

- Energetically inefficient, as the system involves simultaneous use of cooling and 

reheat. For this reason, use of reheat systems is strictly regulated by most energy 

codes and standards. Many state and local regulations restrict the use of reheat [3].  

 

Dual-duct systems 

Advantages:  

- Cooling in some zones and heating in other zones can be achieved simultaneously;  

- Good temperature and humidity control –– the system is very responsive to variations 

in the zone load, thus it is possible to precisely maintain the required conditions;  

- Zoning of central equipment is not required;  

- Adaptable to either constant-volume or VAV systems;  

- Since the total airflow rate to each zone is constant, it is possible to maintain proper 

IAQ and room-air distribution;  

- No seasonal changeover is necessary.  

 

Disadvantages: 

- Occupies more space for running two ducts; 

- High first cost for installation of two supply ducts throughout the building;  

- Not very energy-efficient due to the need for simultaneous cooling and heating of the 

air streams; 

- Large number of mixing boxes to be maintained;  

- The economizer cycle is difficult to use;  

- Does not operate as economically as other VAV systems.  

 

Variable-air-volume (VAV) system 

Advantages:  

- One of the major advantages of VAV systems is the flexibility of the designer for air 

conditioning large commercial spaces with diversified load profiles;  

- It provides energy efficiency and reliable control. Unlike a constant-volume system, it 

relies on air-volume control rather than the variation of air temperature.  
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- In the VAV system, one air-handling unit can serve multiple zones of a building. In the 

constant-volume system, different zones of a building must have a different air-handling 

unit system for effective control, which means increased mechanical room space;  

- When combined with a perimeter heating system, VAV offers inexpensive temperature 

control for multiple zoning and a high degree of simultaneous heating-cooling flexibility. 

It has the ability to control temperatures in interior and exterior zones without under-

cooling or overcooling;  

- Depending on building load patterns, it is often possible to shift airflow from one zone 

to another throughout the day, thus reducing the design capacity of air-circulation 

equipment and main ducts;  

- Large, central plant equipment is not required to operate at partial load conditions;  

- VAV is virtually self-balancing;  

- VAV offers the advantage of personalized control with multiple thermostats and 

humidistats distributed throughout the multiple zones. In the constant-volume system 

the temperature settings are usually available at only one point;  

- It is easy and inexpensive to subdivide existing zones and to handle increased loads 

as a result of new tenancy or usage, if the load does not exceed the originally designed 

simultaneous peak;  

- VAV systems are easy to control and energy efficient and they allow reasonable room 

control;  

- Allows simultaneous heating and cooling without seasonal changeover;  

- It is readily adaptable to night set-back and compatible with energy-management 

systems;  

- The system is economical to operate because the amount of air being moved is only 

that required to satisfy the load, therefore unoccupied areas may be fully cut-off; 

- It is suitable for partial operation of a building such as overtime or weekend usage of a 

particular area;  

- Interface availability with Building Energy Management Systems.  

 

Disadvantages: 

- High initial cost;  

- Indoor air quality may suffer due to low demand of air-flow rates;  

- Supply air is distributed through diffusers and coverage to the whole room area may 

be affected at low loads;  

- Balancing of dampers could be difficult if the airflow rate varies widely;  

- Humidity control is difficult under widely varying latent loads;  

- Each terminal unit has an air valve which requires electrical and/or pneumatic service;  

- Maintenance is increased due to multiple boxes within the conditioned space;  

- Suitable false ceiling access is required;  
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- Old systems may become noisy;  

- Involves increase expenditure on control and electrical cabling;  

- Accurate adjustment and calibration are required to insure rated and low-load 

conditions;  

- Duct design and provision of a constant volume supply and exhaust system within the 

VAV system network is somewhat problematic;  

- Requires engineered diffusers (swirl type) with proven distribution characteristics over 

a wide range of air flows.  

- Adopting suitable measures can mitigate the majority of the above listed drawbacks. 

 

 

Air - water systems  
 

Advantages:  

- Individual zone control is possible in an economic manner using room thermostats, 

which control either the secondary water-flow rate or the secondary air (in fan coil units) 

or both. 

- It is possible to provide simultaneous cooling and heating using primary air and 

secondary water. 

- Space requirement is reduced, as the amount of primary air supplied is less than that 

of an all-air systems. 

- Positive ventilation can be ensured under all conditions. 

- Since no latent heat transfer is required in the cooling coil, the coil operates in a dry 

state, which increases its lifetime; problems related to odours or fungal growth in 

conditioned space are avoided. 

- The conditioned space can sometimes be heated with the help of the heating coil and 

secondary air, thus avoiding supply of primary air during winter. 

- Service of indoor units is relatively simple compared to all-water systems. 

 

Disadvantages: 

- Operation and control are complicated due to the need for handling and controlling both 

primary air and secondary water. 

- In general these systems are limited to perimeter zones. 

- The secondary water coils in the conditioned space can become dirty if the quality of 

filters used in the room units is not good. 

- Since a constant amount of primary air is supplied to the conditioned space, and room 

control only happens through the control of room cooling/heating coils, shutting down 

the supply of primary air to unoccupied spaces is not possible. 
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- If there is an abnormally high latent load on the building, then condensation may appear 

on the cooling coil of secondary water. 

- The initial cost could be high compared to all-air systems. 

 

 

All water systems  
 

Advantages: 

- The thermal distribution system requires a lot less space compared to all-air systems. 

Thus there is no penalty in terms of conditioned floor space. Also, the plant size is small 

because it does not include large supply-air fans. 

- Individual room control is possible, and at the same time the system offers all the 

benefits of a large central system. 

- Since the temperature of hot water required for space heating is low, it is possible to 

use solar or waste heat for winter heating. 

- Simultaneous cooling and heating is possible with 4-pipe systems. 

 

Disadvantages: 

- Requires higher maintenance compared to all-air systems, particularly in the 

conditioned space. 

- Draining of condensation water can be not an easy task and also may create health 

problems if water stagnates in the drain tray. This problem can be eliminated if 

dehumidification is provided by a central ventilation system and the cooling coil is used 

only for sensible cooling of room air. 

- If ventilation is provided by opening windows or wall apertures, it is difficult to ensure 

positive ventilation under all circumstances, as this depends on wind and stack effects. 

- Control of humidity, particularly during summer, is difficult when using chilled-water 

control valves. 

 

Two-pipe systems 

Advantages:  

- Usually less expensive to install than the four-pipe system.  

 

Disadvantages: 

- Compared to the four-pipe system, it is less capable of handling strongly varying loads 

or providing a widely varying choice of room temperature.  

- A separate arrangement must be made to provide the required amount of ventilation 

air to the conditioned space.  

- Cumbersome change-over process to switch from heating to cooling or vice versa.  
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- Though the initial cost is economically attractive, on the long run it is more costly to 

operate than four-pipe systems.  

 

Four pipe system 

Advantages:  

- All-year availability of heating and cooling with individual zone temperature control;  

- Chilled and hot water can be supplied simultaneously during spring and fall;  

- Elimination of zoning cost and complexity;  

- Simpler changeover decisions (no summer-winter changeover and primary-air-reheat 

schedule);  

- The lowest and quietest fan speed is adequate for most of the time;  

- More flexible and adaptable to widely varying loads.  

 

Disadvantages: 

- Four-pipe systems have a high first cost in addition to the need for either two coils or 

more costly control valves in each terminal unit;  

- The systems also have a high operating cost because of the two-pump operation 

module. They do however provide good flexibility in meeting varying loads.  

 

 

Direct refrigerant systems  
Advantages:  

- Individual room control is simple and inexpensive. 

- Each conditioned space has individual air distribution with simple adjustment options 

available for the occupants. 

- The performance of the system is guaranteed by the manufacturer. 

- The system installation is simple and takes very little time. 

- Operating the system is simple and there is no need for a trained professional. 

- The initial cost is usually low compared to central systems. 

- Retrofitting is easy as the required floor space is small. 

 

Disadvantages: 

- As the components are selected and matched by the manufacturer, the system is less 

flexible in terms of air-flow rate, condenser and evaporator sizes. 

- Power consumption per kW could be higher compared to central systems. 

- Close control of space humidity is generally difficult. 

- Noise level in the conditioned space could be higher. 

- Limited ventilation capabilities. 
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- Systems are generally designed to meet the appliance standards rather than the 

building standards. 

- May not be appealing aesthetically. 

- The space temperature may experience a swing if on-off control is used as in room air 

conditioners. 

- Limited options for controlling room air distribution. 

- Equipment life is relatively short. 

 

  



 
 
 
 

 
 

90 

D4.2 - Retrofitting technologies, solutions and scenarios 

References 

[1] Haase M., Woods R., Mellegård S., Skeie K. S., Lollini R., D2.5 Main drivers for deep 

retrofitting of shopping malls, CommONEnergy Re-conceptualize shopping malls from 

consumerism to energy conservation, Grant agreement n. 608678 (2015) 

[2] Bhatia, Design Options for HVAC Distribution Systems 

[3] ASHRAE Standard 90.1 

[4] Energy recovery systems facsheet, Center Point Energy 

[5] http://www.forsteel.cz/heat-pipes.html 

[6] Technical guide about “Savings and energy recovery in air-conditioning”, (Spanish 

version from Spanish Government) 

[7] Consejería de economía y hacienda - Comunidad de Madrid, Guía de buenas 

prácticas energéticas en galerías y centros comerciales”, Madrid Ahorra con Energía, 

Madrid 2011 

[8] Albarracín E., Sanabria J., Maíllo A.,Instalaciones y técnicas del confort, CIATESA 

ISSN 0214-4034, Nº. 2007, p. 34-42 

[9] The Spanish Technical Building Code, Royal Decree 314/2006 of 17 March 2006 

[10]  Belleri A., Avantaggiato M., D3.3 Ventilative cooling CommONEnergy Re-

conceptualize shopping malls from consumerism to energy conservation, Grant 

agreement n. 608678 (2015) 

[11]  Dipasquale C., Deliverable 4.1 Integrative Modelling Environment, CommONEnergy 

FP7 project GA 608678  (2016) 

[12]  Daldosso N., Papantoniou S., D4.3 Assessment of one architecture prototype 

(technical scheme and report), CommONEnergy FP7 project GA 608678  (2016) 

[13]  Barchi G. &al, in progress, Deliverable 4.6 Batteries with management control, 

CommONEnergy FP7 project GA 608678 (2017) 

[14]  Bointner R., Toleikyte A., Woods R., Atanasiu B., De Ferrari A., Farinea C., Noris F., 

D2.1 Shopping malls features in EU-28 + Norway, CommONEnergy FP7 project GA 

608678  (2014) 

[15]  Cambronero MV., D5.1 Systemic solution-sets, CommONEnergy Re-conceptualize 

shopping malls from consumerism to energy conservation, Grant agreement n. 

608678 (2017) 

 

http://www.forsteel.cz/heat-pipes.html

