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and  production  data. Specific  issues  and  conclusions  have  been  drawn  as the  basis  for  addressing  the per-
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ear-Zero Energy Building (NZEB)

. Introduction

The concept of Smart and Zero Energy Buildings has attracted
he interest of the scientific community, policy organisations and
he industry worldwide. In particular, special attention is paid to
ridge integrated design and energy efficiency in new and reno-
ated buildings via strategic energy and environmental objectives,
olicy initiatives, regulatory reforms and financial incentives. The
U has placed a particular emphasis on the reduction of the high
nergy consumption in the building sector within various policy
ools and directives including the EU 2020 targets, the Energy Per-
ormance Building Directive (EPBD), the climate change adaptation
nd mitigation strategies and the low carbon economy roadmap
050 [1,2].

EPBD Recast (2010), needs to be fully adopted by each mem-

er state to ensure all public buildings (or buildings used by public
rganisations) as well as new buildings comply with near-zero
nergy consumption by 2018 and 2020 respectively. Under the

∗ Corresponding author.
E-mail address: nkampelis@isc.tuc.gr (N. Kampelis).

ttp://dx.doi.org/10.1016/j.enbuild.2017.03.057
378-7788/© 2017 Elsevier B.V. All rights reserved.
agreed legislative framework, Member States are responsible to
report on the detailed application of Near-Zero Energy Buildings
(NZEBs) requirements in practice reflecting national, regional or
local conditions.

The EPBD NZEB definition for a very high energy performance,
a very low amount of required energy and a very significant con-
tribution of RES to cover the remaining energy use provides the
conceptual basis for our analysis. A very high energy performance
is translated into the building incorporating passive and active
systems design, attaining a better performance than national mini-
mum  energy efficiency requirements and fall into the top categories
of the energy certification process.

However a clear universal definition of a Zero Energy Building is
somewhat of a challenge and usually linked to the framework of the
analysis whether this is carried out for construction design, energy
efficiency classification, specific research, policy tools development
or other purposes. Definitions may  vary according to the metric
and period of balance, type of energy use and balance, renewable

supply options, connection with power network, requirements,
etc. [3]. Apart EPBD, linked to annual normalised primary energy
consumption (in kWh/m2/year), various definitions have been pro-
posed including net zero site energy, net zero source energy, net

dx.doi.org/10.1016/j.enbuild.2017.03.057
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2017.03.057&domain=pdf
mailto:nkampelis@isc.tuc.gr
dx.doi.org/10.1016/j.enbuild.2017.03.057
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ero energy costs and net zero energy emissions depending on
he selected metric (energy, cost, CO2 emissions) and domain (site
r source). Where applicable, a net-zero site energy benchmark is
onsidered most appropriate as it is verifiable through on-site mea-
urements and cannot be affected by external factors (i.e. related
o the power grid or the energy market) which may  differ between
esign and operation phases as well as from one site (or country)
o another.

In our analysis, a combination of metrics including primary
nergy consumption and end-use net consumption (absolute and
ormalised figures) as well as CO2-eq emissions is deployed. The
eriod of balance is annual to account for yearly representative
hermal loads and renewable energy production. Renewable sup-
ly in all three considered cases is on-site and building integrated.
f the examined cases, the residential and tertiary buildings are
irectly connected to the power distribution grid directly and the

ndustrial one as part of a microgrid.
Regarding quantitative targets linked to the zero or near-zero

nergy target, it is noteworthy that based on indicative stud-
es they are dispersed from 0 to 270 kWh/m2/year of primary
nergy consumption of which higher figures are associated with
ospitals or non-residential buildings [4]. For NZE residential build-

ngs the average targets are from 33 kWh/m2/year in Croatia,
5 kWh/m2/year and 45–50 kWh/m2/year for the majority of coun-
ries (Belgium, Estonia, France, Ireland) while some countries use
on-dimensional values or an energy performance class (e.g. A++

n Lithuania) [5]. In Italy, the regulation for new dwellings requires
 minimum energy efficiency of 65–70 kWh/m2 [6]. In Cyprus, the
hreshold for NZEB is 100 kWh/m2/year of primary energy for new
nd existing residential buildings and 125 kWh/m2/year of primary
nergy for non-residential buildings [4].

On the other hand, ZEB or NZEB currently in operation or even
hose in development stages make use of energy efficient tech-
ologies with fossil fuel as primary energy sources coupled with
enewables such as solar, wind, geothermal or biomass to attain
nearly-zero energy” behaviour [5,7]. The transition to smart ZEBs
rom an engineering or industrial point of view depends partially
n the development of standardized interfaces and exploitation
f common communication protocols to enable interoperability of
ystems and subsystems as well as adequate bi-directional flow
f energy and information [8]. Coupling existing building energy
ystems with modern monitoring and control equipment is often
nother barrier for renovating the existing building stock.

Discussions in this direction expand towards issues related to
he integration of NZE buildings in smart grids with the aid of evolv-
ng technologies [9,10]. Various efforts have dealt with optimising
he design and operation of building integrated renewables, ther-

al  or electrical storage and holistic energy management using a
road range of techniques. Attention has been drawn in developing
ools for user/customer engagement and transparency of grid oper-
tions with the aid of Advanced Monitoring Infrastructure (AMI)
nd Demand Response (DR) capabilities to make a step closer to
he Internet of Things (IoT) paradigm [11].

In many occasions, significant deviations of buildings’ overall
nergy efficiency target compared to its actual operating perfor-
ance have been reported. The ‘performance gap’ is associated

o a number of contributing factors in the design and construc-
ion of the building envelope and systems or in the management
rocedures affecting the operational phase of the building. In the
esign phase the performance gap is often related to the misuse of
alculation methodologies and tools or input parameters. In other
ases, the performance gap is linked to the lack of consideration

nd deployment of Integrated Design (ID) principles impacting
nergy consumption, indoor comfort and health conditions. Perfor-
ance gap issues are also evident during the construction phase

nd improper installation of building envelope components (i.e.
ildings 148 (2017) 58–73 59

insulation, glazing etc.) as a result of inadequate training, cost-
cutting constraints or barriers related with resistance to change
[12,13]. Such phenomena may  have as a consequence the occur-
rence of thermal bridges, high infiltration rates, and poor indoor
comfort eventually leading to energy waste and high total energy
consumption. Last but not least, energy management and opera-
tional inefficiencies are critical to the observed gap in buildings’
energy performance in buildings, depending on the specificities of
each case. This may  be due to lack of maintenance and service, mis-
use of energy systems’ operation or suboptimum performance in
systems’ integration. Overall, there is a high potential for improve-
ments in bridging the ‘gap’ due to underperformance in operational
phase and this can in most cases be effectively addressed via a
mixture of technological and organisational measures.

In terms of the technological measures, indoor environment
quality control and Building Energy Management Systems (BEMS)
have evolved considerably in the last decades, in parallel with the
concept of Smart and Near-Zero Energy Buildings. Advanced BEMS
can be implemented in ways altering the way buildings exchange
energy with the ambient environment and the power grid. At the
same time modern customised building energy management solu-
tions, can be exploited to enable better visual, thermal comfort and
air quality control. Furthermore, BEMS nowadays offer possibilities
for applying predictive control which may  contribute to 20–30%
in annual energy consumption reduction [14–16] but also signifi-
cant operational cost savings. Energy load prediction is becoming
increasingly important and promising as a cost effective measure
in the near future [14,15]. Simultaneously, intensive research is
focused on renewable energy production prediction to increase
utilisability in building integrated applications and deal with the
volatility of Decentralised Energy Resources (DER) and the future
microgrids.

Furthermore, data processing and smart metering interpreta-
tion provide useful information for the buildings energy behaviour
[17]. This process is especially important when such knowledge
can be acquired to inform decisions about systems’ operational
strategies based on scientifically sound and technologically robust
methodologies. In this direction, Demand Response (DR) tech-
niques have been applied in various settings to optimise the
operation of building energy systems (i.e. HVAC) and yield finan-
cial return based on the minimisation of energy from the power
grid and load management [18,19]. Accordingly, data monitoring,
the provision of meaningful information and practical tools com-
bined with specific incentives provide the fundamentals for actively
engaging users in realising the potential of DR wide scale envi-
ronmental and social benefits. This transition requires action for
training users and establishing a transparent, open and attractive
regulatory framework followed by targeted investments both on
power grid infrastructure and on the end users’ side.

With respect to renewables, advanced solutions such as concen-
trating solar thermal technologies have emerged to offer attractive
options in meeting the cooling demand during the summer season
and in part heating demand during winter time. The real challenge
with such systems concerns the design of a suitable and efficient
solution utilizing maximum heat from the sun to fulfill the required
energy demand [20].

Other commercially available solutions include building-
integrated Photovoltaics (biPV) and small wind turbine systems
offering a broad range of designs and technical attributes. Such sys-
tems are coupled with inverters often equipped with Maximum
Power Point Tracking (MPPT) and controls for providing energy
into the power grid, microgrid or autonomous systems [21–23].

Recently, building integrated combined Solar and Wind driven
energy systems have penetrated the market promising to be a cost
viable breakthrough technology.
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This work aims to propose a comprehensive approach for evalu-
ting the performance of various Smart/Near-Zero Energy buildings
ncluding industrial, residential and tertiary case studies. Initially,
he buildings are audited for a detailed analysis of their construc-
ion, systems installed and operational performance as originally
esigned and predicted. Subsequently, holistic data from advanced
etering and sensor equipment is explored for verifying energy

emand and actual performance. Dynamic and quasi-dynamic
nergy models are developed and exploited to explore key aspects
f the operational behaviour of buildings and systems and draw
ssential knowledge about potential improvements.

The second section of this paper refers to the materials and
ethods used for the evaluation of the performance gap in the

elected test cases. Chapter 3, 4 and 5 present the case studies
f the Leaf Lab, Leaf House and NTL respectively and the analytic
omparison of their design and operational performance using key
erformance indicators. A consideration of results and benchmark-

ng of the different tools and techniques is provided in Chapter 6.
inally, generic conclusions associated with the operational ‘per-
ormance gap’ of the buildings examined and future steps are
ighlighted in chapter 7.

. Materials and methods

The research activities performed and presented target to the
stimation and evaluation of the performance gap between the
esign and operational phase of zero energy buildings. The steps

ollowed are:

. Selection of the case study buildings: Three case studies are
analysed to cover industrial, residential and office building
typology. The Leaf Lab, Leaf House and Novel Technologies Lab-
oratory (NTL) envisage unique building designs for minimizing
net energy consumption. This is achieved through a variety of
measures including responsive building envelope applications,
renovated bioclimatic envelope, efficient HVAC systems coupled
with storage, intelligent controls, renewable energy systems
and integrated energy management. The buildings’ names and
implemented energy technologies are depicted in Table 1. The
design target of all three buildings to operate as near-zero energy
is established as a working definition to evaluate the actual per-
formance gap.

. The second step involves analysis of the buildings and their
systems design, assessment of power and energy requirements
through dynamic thermal simulation models.

. The third step is the data collection while the buildings are in
real-time operation to test and evaluate:
a The performance gap between the developed dynamic simu-

lation models and real-time operation.
b The performance gap between the initial zero energy targets

and buildings’ real-time operation.
. The fourth step includes a comparison of the results of the build-

ings and extraction of useful remarks and conclusions.

. The Leaf Lab industrial building, AEA Italy

.1. Description of the building and its energy technologies

The Leaf Lab (Fig. 1) is an industrial building of rectangular shape
nd floor area of approximately 6000 m2 located in the Leaf Com-
unity [24], one of the very well established smart microgrids
n Europe. Buildings in the Leaf Community, located in Angeli di
osora of Ancona in Italy, are interconnected with Photovoltaic
PV), Geothermal Systems, electric and thermal storage, micro-
ydroelectric plants and electric vehicles (EV). The climate in Ta
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The Leaf Lab.
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Fig. 1. 

ncona is mediterranean with dry hot summers and mild winters.
arm season starts in June and lasts till mid-September with an

verage high temperature of 29 ◦C and average low temperature
f 19 ◦C. Cold season starts in November and ends in March with
verage high temperature below 12 ◦C [25].

The Leaf Lab incorporates the newest technology making it
xceptionally tolerant to external weather conditions. This reduces
o the minimum the amount of energy needed to cover the energy
emand for heating, cooling, ventilation and lighting. The Leaf Lab is
onsidered a Near-Zero Energy Building since it is characterized by
assive systems, energy efficient technologies, integrated monitor-

ng and control as well as renewable energy production. Renewable
nergy is exploited with the use of PV systems and heat pumps.
hermal storage is also employed to store energy and optimize
VAC performance.

The building envelope of Leaf Lab consists of highly insulated
xternal walls with U-value of 0.226 W/m2K and double glazed
indows with U-value between 1.793–3.194 W/m2K. The HVAC

ystem installed in Leaf Lab is comprised by heat pumps with a
eating COP of 4.8 and cooling EER of 6.2–7. A thermal storage
ater tank of 400 m3 is coupled to the HVAC system of the build-

ng to reduce peak power and improve the efficiency of the HVAC
ystem during heating and cooling periods throughout the year.
his is implemented by using energy excess from the PV i.e. dur-

ng weekends, holidays etc. to operate the heat pumps and store
eating or cooling energy in the thermal tank. Stored energy is then
sed to optimise the HVAC efficiency by reducing peak demand and

mported energy consumption during working hours. The HVAC
s controlled with digital thermostats distributed in the various
hermal zones satisfying the set-point limits of the CEN 15251
20–24 ◦C for heating, 23–26 ◦C for cooling). Set-points for indus-
rial and office spaces in heating mode are 21 ◦C and 22 ◦C whereas
n cooling more set points are 25 ◦C and 26 ◦C respectively.

Illuminance sensors controlling artificial lighting in the indoor
paces of the Leaf Lab activate dimmable LED lights when levels
ue to natural lighting fall below 500 lx.

Furthermore, automated shading is installed in the majority of
he building windows and operated according to the altitude of the
un. This allows for natural light to be sufficient for visual comfort
hile minimising energy consumption for artificial lighting and
voiding glare. Finally, as shown in Fig. 1 a rooftop photovoltaic
ystem of 236.5 kWp  is installed in Leaf Lab.
Fig. 2. The thermal model of the Leaf Lab in Google SketchUp.

The energy efficiency of the Leaf Lab as recorded in the energy
certificate was A+ associated with net primary energy consumption
of 4.11 kWh/m3 (equivalent to 26.91 kWh/m2).

3.2. Development of the Leaf Lab thermal model

The aim of the present section is to analyse Leaf Lab’ energy
performance and compare modelling results with real-time data.
Modeling and analysis for the Leaf Lab is carried out using Google
SketchUp [26] as graphical user interface for 3D modelling, Open
Studio [27] for editing the various model parameters and Ener-
gyPlus [28] as the simulation engine. The model is depicted in
Fig. 2. Architectural drawings are used to design the structure’s
envelope and merge the several spaces into thermal zones. Electro-
mechanical and implemented HVAC system designs are taken into
consideration. Moreover, the physical and thermal characteristics
of the external and internal walls, roof, ground floor and ceiling,
alongside with similar information about the external windows
are collected. The lights of each space, total number of persons
in each space as well as equipment information are recorded for
the estimation of the internal thermal gains and electrical energy
consumption.

3.3. Energy performance analysis
In order to test the performance differences, data is collected,
analysed and processed. The validation of the model is then per-
formed using temperature and relative humidity sensors installed
in the various zones. Additional data is extracted by MyLeaf [29], a
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Fig. 3. 1st Floor East Office measured and simulated indoor temperature.
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Fig. 4. Ground floor, Leaf Lab reception 

pecialised Loccioni Group proprietary web-based Energy Manage-
ent System, providing reliable and user-friendly representation

f any energy related monitored parameter such as ambient and
ndoor environment conditions, power consumption, production
nd storage over time. The open MyLeaf architecture allows the
ntegration of advanced energy management and control applica-
ions in building and microgrid (district) level.

Specifically, the collected data from MyLeaf is: (a) Building total
nd HVAC power demand and (b) power production by the photo-
oltaic system.

As it can be observed in Figs. 3 and 4, the simulated indoor tem-
erature versus the measured one is less than 1 K at all times. The
ame applies to the Reception area as well as all the rooms moni-
ored indicating agreement between the simulated and measured
ata.

A comparison of the measured and simulated energy consump-
ion is tabulated in Table 2. It is observed that the difference in
nergy consumption between the various categories is of 1.4% for
rtificial lighting, 0.6% for HVAC, 0.4% for equipment (including
ndustrial processes) and 0.1% in total which provides a positive
orrelation between simulation results and the actual behaviour of
he building during its operational phase.

As indicated the energy share consumed in the production of this

ndustrial facility is the highest between the categories accounting
or 53.1%. This is of particular importance when one considers the
nergy balance (especially given the PV electrical energy produc-
ion of 46 kWh/m2) as it reveals the building envelope, HVAC and
red and simulated indoor temperature.

lighting systems electrical energy consumption of 43.8 kWh/m2.
For the conversion of electrical energy to primary energy consump-
tion, a factor of 1.86 is used based on internationally reported
estimation for the energy mix  distribution and power grid effi-
ciency of Italy [31]. Taking into account energy production from
the PV plant it is concluded that the Leaf Lab is a Near-zero Energy
Industrial Building with total net electrical energy consumption of
47.3 kWh/m2 and normalized total net primary energy consump-
tion of 127.6 kWh/m2.

The correlation of the Leaf Lab model and the measured HVAC
power demand on a monthly basis as presented in Fig. 5 demon-
strates part of the validation process according to standardized
measurement and verification principles [30]. In the examined
case, the Coefficient of Variation (Cv) of the Root Mean Square Error
(RMSE) of 14.8% satisfies acceptable monthly tolerance levels.

4. Leaf House residential building AEA/Italy

4.1. Description of the building and its energy technologies

The Leaf House (Fig. 6) is a residential rectangular geometry
apartment building of exceptional bioclimatic design and smart

technologies [32]. It consists of six highly insulated apartments
with a total floor area of approximately 470m2, a ventilated roof,
solar tubes, smart monitoring, and controls, building integrated
photovoltaics, geothermal air preconditioning with heat pumps,
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Table  2
Validation of the Leaf Lab Model based on data from MyLeaf.

Leaf Lab (Industrial) Artificial Lighting HVAC Industrial/Office Equipment Total

Monitored data Electrical Energy Consumption (kWh) 35,467.3 227,176.1 297,366.1 560,009.5
Normalised Electrical Energy Consumption (kWh/m2) 5.9 37.9 49.6 93.3
Energy Consumption (%) 6.3% 40.6% 53.1% 100.00%
Normalised Primary Energy Consumption (kWh/m2) 11.0 70.4 92.2 173.6
Energy Production by the PV (kWh) 275,942
Normalised PV energy (kWh/m2) 46

Simulated data Energy Consumption (kWh) 34,985.5 225,838.3 298,604.2 559,428.0
Normalised Electrical Energy Consumption (kWh/m2) 5.8 37.6 49.8 93.2
Energy Consumption (%) 6.3% 40.4% 53.4% 100.0%

Difference Energy Consumption (kWh) 481.8 1337.8 −1238.1 581.5
Energy Consumption (%) 1.4% 0.6% 0.4% 0.1%

Fig. 5. HVAC system validation based on monthly electrical energy consumption.
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olar thermal collectors, electrical storage and a user-friendly
nergy management system for residents. The number of residents
n Leaf House varies as it accommodates both employees of Loccioni
roup [33] and visitors of the Leaf Community [34].

The building envelope of Leaf House is composed of external
alls with a U-value of 0.41 W/m2K and windows of total U-

alue between 0.73–1.49 W/m2K. The HVAC System installed in
eaf House is comprised of three heat pumps with geothermal air
reconditioning and heat recovery connected to a radiant floor dis-
ribution system. The heating COP of the heat pumps is in the range

rom 2.9 to 4.6 while the cooling EER varies between 1.9 to 3.6.
f House.

Seven solar thermal collectors of a total area of 19 m2 are con-
nected to a 1000 l thermal storage boiler of 15 kW electrical power
for domestic hot water and space heating.

Moreover, a 20 kWp  PV system is integrated into the Leaf
House’s rooftop as depicted in Fig. 6. Energy produced by the pho-
tovoltaic system is mainly exploited to power the geothermal heat
pumps and reduce overall power consumption. To accomplish this,
115 PV panels covering a total area of 150 m2 are installed.

According to the energy certificate of the Leaf House its nor-
malised annual primary energy consumption is 19.66 kWh/m2
corresponding to A+ energy class.
The apartments in the Leaf House are equipped with a touch

display providing access to an energy management interface for
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Fig. 7. The Leaf house and its thermal energy model using Open Studio plugin.
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constellation of 4 pilot plants which should demonstrate the poten-
tial application of solar energy in built environment, with a deep
integration with the demand of energy raised by the neighborhood.
Fig. 8. Leaf House PV System Monthly Energy Production for 2015 (MyLeaf).

bserving indoor conditions, energy-related data and managing
utomatic controls of HVAC, lights, window shutters etc. Also,
ower measurements for each apartment in the Leaf House are
ccessible through MyLeaf platform.

.2. Development of Leaf House thermal model

Modeling and analysis of the Leaf House as in the case of Leaf Lab
s carried out using Google SketchUp [26] as graphical user interface
or 3D modelling, Open Studio [27] for editing the various model
arameters and EnergyPlus [28] as simulation engine. The devel-
ped 3D model is depicted in Fig. 7. The thermal zone division is
erformed with a large attention to detail having, as a result, every
oom being considered a separate thermal zone to best capture
ifferences in indoor comfort.

Energy performance in Leaf House according to 2015 data from
yLeaf is summarized in Table 3. In the measurements, it is

bserved that Leaf House is a Near-Zero Energy Building since its
ormalized primary energy consumption is 54.4 kWh/m2. The PV
ystem energy production accounts for 63.1% of the building energy
emand and CO2-eq emissions reduction of 11.32 t on a yearly basis
Fig. 8).

. Novel Technologies Laboratory (NTL) building

Cyprus is characterised by a mediterranean climate with dry
ot summers and mild winters. During the year the temperature
ormally varies between 5 and 32 ◦C with the warm season from

id-May to mid-September and the cold season from beginning

f November and lasts till mid-March [35]. The energy system in
yprus is seriously impacted by the growing demand of energy in
he summertime due to the air conditioning services [36]. This sit-
Fig. 9. NTL building.

uation is very common to all the south Mediterranean regions as
well other areas with a high level of solar irradiance.

Indeed, global space cooling energy consumption increased by
60% in the period between 2000 and 2010 reaching 4% of global
consumption in 2010 and it is still growing [37]. On the other
hand heat consumption accounts for more than 50% of the global
consumption [38]. Therefore, alternative heating and cooling sys-
tems driven by renewable or recovered energy have driven the
interest of many researchers that have carried out experimental
and theoretical studies of Solar Heating Cooling (SHC) systems
[39–44]. Absorption heating and cooling systems were studied
more than any other systems. These systems have many advantages
over other refrigeration systems [35] as they offer quiet operation,
high reliability, long service life, meeting the variable load effi-
ciently, minimum mechanical moving parts, no lubricants needed
and no atmosphere-damaging refrigerants. Dynamic simulation is
performed by many researchers [45–48], but there is still a lack
of integrated tools for accurate dimensioning and evaluating the
solar thermal contribution to the total energy requirements. Also
theoretical comparative studies between different solar cooling
systems (i.e. solar electrical compression, solar mechanical com-
pression, solar absorption, solar adsorption and solid desiccant
cooling system) [49] are available. The results show that solar elec-
trical compression alongside solar absorption systems may  have
better performance results. Moreover, the advantages of two-stage
systems over other solutions have been investigated [50], conclud-
ing that the cooling cycle can work steadily in spite of unsteady solar
input, lower generator input and outlet temperature, however, they
demand higher temperature heat.

The National Technologies Laboratory (NTL) (Fig. 9) of Cyprus
Institute is a top-end renovated tertiary building, which incorpo-
rates energy efficient technologies and integrates modern HVAC
technology with a rooftop Linear Fresnel Solar Collector (Fig. 10),
significantly reducing energy demand from the power grid. The
installation of the new solar cooling plant at the NTL premises
has been supported by the STS-Med project1 financed by the ENPI
CBCMED program of the European Union, where it has been part of a
1 www.stsmed.eu.

http://www.stsmed.eu
http://www.stsmed.eu
http://www.stsmed.eu
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Table  3
Leaf House energy consumption data for 2015 (MyLeaf).

Leaf House Total Total Net(consumption minus production)

Annual Electrical Energy Consumption (kWh) 37,196.0 13,746.0
Normalized Annual Electrical Energy Consumption (kWh/m2) 79.1 29.2
Primary Annual Energy Consumption (kWh) 69,184.6 25,567.6
Normalized Annual Primary Energy Consumption (kWh/m2) 147.2 54.4
Annual CO2-eq emissions (kg) 17965.7 6639.3
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Fig. 10. Linear F

The building was renovated in 2007 with a target to minimise
onsumption for heating and cooling and produce part of its elec-
rical needs from a building integrated PV system. The baseline
cenario concerned heating and cooling loads of 61.2 kWh/m2 and
8.3 kWh/m2 respectively. The design of interventions was based
n simulations used to test various effects such as heat losses, solar
ains, ventilation (free/night cooling, demand control) and daylight
vailability taking into account external shading constructions. The
arious interventions proposed during initial design were double
lazing, high thermal resistance building envelope, green roof (50%
overage), shading, ceiling fans, high efficiency waste heat recovery
entilation and ground heat exchangers. At the design stage it was
onsidered that the above measures would result in 83% and 61%
eduction of heating and cooling loads translated to 10.7 kWh/m2

nd 30.2 kWh/m2 respectively. The above figures were obtained on
he basis of international standards (EN 15251) for indoor com-
ort including fresh air ventilation rate, indoor temperature, indoor
elative humidity and illuminance levels. The equivalent primary
nergy consumption for heating and cooling is 28.9 kWh/m2 and
1.54 kWh/m2 respectively [51]. Moreover it was estimated that
he energy balance could further be improved by the installation of

 PV in an area of 120 m2 to produce 21 MWh  (9.58 kWh/m2) on a
early basis.

Novel Technologies Laboratory is an educational/research
uilding mainly containing offices and laboratories. The Novel
echnologies Laboratory operates 8 h/day, Monday to Friday and
or about 240 days/year. Cooling and heating of the building are
rovided by three air-cooled chillers with partial heat recovery con-
ected to Fan Coil Units (FCU) in office areas and Air Handling Units
AHU) in laboratories and lecture hall. Two of them are cooling only
ith a capacity of 243.27 kW with EER = 2.35, ESEER = 4.17, while

he other one has a cooling capacity of 234.29 kW with EER = 2.24
nd ESEER = 3.97 and a heating capacity of 293 kW with COP = 3.15.

Ventilation at offices is achieved with local heat recovery units
HRU), at the lecture hall and laboratories with AHU and the WC

reas with local extract fans. The six AHU are supplied with hot
nd cold water, generated by the 2 chillers and the heat pumps.
ach unit has a heat recovery unit where indoor air and fresh air
re mixed. Fresh air flow is adjusted by motorized dampers which
 Solar Collector.

are controlled by temperature and indoor air quality sensors. More-
over, the AHUs have a free-cooling function to increase the supply
of fresh air if the outdoor air temperature is lower than the indoor.
AHU are manually controlled by local controllers in spaces, and they
are connected to BEMS from where they are monitored and con-
trolled as well. AHU have a nominal electric power of 44.300 W and
a nominal air flow of 49.310 m3/h.

Heat Recovery Units (HRU) extract air from the return grilles
of rooms and supply fresh air at the return of Fan Coil Units to
be cooled or heated. HRUs are controlled by local air-conditioning
controllers in offices, and they are connected to BEMS from where
they are monitored and controlled as well. HRUs have a nominal
electric power of 1.972 W and a nominal air flow of 4.960 m3/h.

Lighting is achieved with compact fluorescent lamps, T8 fluores-
cents, and metal halide lamps, which are controlled by local on/off
switches. Total lightning power is 41.700 W.

Four different wall types W1-W4  have been implemented
as shown in Fig. 11 with U-valueWALL1 = 0.249 W/m2 K, U-
valueWALL2 = 0.305 W/m2 K, U-valueWALL3 = 0.294 W/m2 K, U-
valueWALL4 = 0.295 W/m2 K respectively [52].

Both extruded polystyrene and stone-wool have been used for
thermal insulation. Also, for the windows and window doors, dou-
ble glazing has been used. The glazing is consisted of 4 mm of low
emittance glass – 16 mm air – 4 mm low emittance glass with Ug-
value = 1.4 W/(m2 K), light transmission 71% and solar factor 42%.
Moreover, at the east and west side of the building, perforated
galvanized sheet iron has been installed with 60% percentage of
perforation.

A rooftop installation of 62 panels, 180 Wp each (11.16 kWp
total) with a small installation of 54 biPV shadowing panels, 62 Wp
each (3.348 kWp  total) in the south faç ade partially covers the elec-
tricity consumption of NTL.

During energy auditing, it has been observed that the initial
design of the building was  aimed to ensure the minimum energy
consumption: insulation and shadowing have been introduced,

efficient lamps have been used for lighting and controls for ven-
tilation, heat recovery units and air flow have been installed.
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 and materials applied in NTL building.
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Table 4
Main features of the installed LFR System.

Element Characteristics

Mirrors 288 mirrors (2000 mm × 320 mm dimension
per unit)
Global aperture area of 184.32 m2

Three focusing distances according to the
position of each row
144 collecting units distributed into 18
rows x 8 modules

Motorization 72 DC motors (1 for a couple of collecting
units) controlled by 18 PLC/36 drivers

Receiver 32 m long
Secondary reflector on top
Vacuum tube receiver

Weight 8 t distributed on 9 beams
Orientation Receiver is aligned with the local meridian
Heat transfer fluid White oil (Duratherm 450)
Fig. 11. Different wall structures

However, geothermal and solar thermal systems have not been
nvisaged from the beginning, neither have lighting control sys-
ems and intelligent control of the air flow in each room or section.

The introduction of an innovative system has been taken into
ccount and, in particular, the installation of an integrated solar
ooling system in an advanced state under the above mentioned
TS-Med project. This pilot plan at the Cyprus Institute relies on a
resnel collector that has been installed on the rooftop of a school
ust in front of the NTL building.

This collector has been specifically designed by Idea Srl to assure
he independent rotation of each collecting element of the primary
ptics. This allows the complete rotation of the supports that can
ost in future a PV panel on the back to provide electrical energy

n the absence of a suitable direct radiation for thermal energy
xploitation.

The technical specifications and main features of the Linear Fres-
el collector connected to Novel Technologies Laboratory are listed

n Table 4.
The main thermal loops that have been implemented are:

. Thermal oil loop: the heating medium which circulates inside
the Fresnel collector, equipped with small buffer to preheat the
oil and Nitrogen pressurized (3 bar) system in order to maintain
the oil above a minimum pressure.

. Thermal storage loop: pressurized water, able to store the heat
produced by the Fresnel collector up to 2 h for cooling and 4 h for
heating; an expansion tank maintains the water at high pressure

(up to 8 bar).

. Heating-medium loop: hot water to fire the absorption chiller,
equipped with a small buffer.

. Heat recovery loop: hot water to support heating in winter.
Maximum thermal power 70 kW
170 ◦C outlet nominal temperature

5. HVAC chiller loop: a chilled circuit that is connected to the pre-
viously implemented HVAC system of the Novel Technologies
Laboratory.

A schematic representation of the loop is provided in Fig. 12.

5.1. NTL modelling
The thermal energy annually provided by the solar collector has
been evaluated, using an hourly steady-state model that simulated
the annual solar energy gain.
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Fig. 12. Layout of the SHC (Solar Heating and Coo

A tool has been developed by the authors (using a spreadsheet)
o calculate the hourly thermal energy produced by the LFR collec-
or. Starting from hourly values of astronomical coordinate relative
o the sun position (Azimuth, Elevation) generated using SOLRAD
53] v 16.0 tool, the optical features of the LFR, like Incident Angle

odifier (IAM transversal, IAM longitudinal), “end effect” factor
nd optical efficiency were calculated.

The weather data, used for the hourly simulation, were gener-
ted by Meteonorm [54] version 7.1 with an interpolation mode
rom the hourly base.

Thermal losses of absorber pipes were calculated, according to
quations applicable to concentrating solar collector, as defined
y Kalogirou [55] UNI EN ISO 9806 (Solar Thermal Collectors: Test
ethods). Results in term of thermal energy produced by LFR, cal-

ulated through a steady-state model instead of a quasi-dynamic
odel, could be affected by an overestimation error lower than 10%

56]. Thus, values of thermal energy gain have been reduced by 10%,
o correct this error.

To estimate the heating and cooling energy that could be sup-
lied by the single-effect absorption chiller system, the thermal
apacity of the storage system in operative conditions was  cal-
ulated. In this analysis, as it was not possible to use an energy
uilding model to describe the hourly thermal needs of the building,
alues of electric energy consumption provided by the metering
ystem installed in the building were considered. The metering
ystem collects every 15 min  the cumulative consumption data for
ighting, power, HVAC for each floor, as well as the generation of
lectricity by the PV system installed on the rooftop. Full datasets
vailable for the years 2014 and 2015 were exploited.
The two diagrams of Fig. 13 show how a large part of the electric
nergy consumption is attributable to the HVAC system, respec-
ively 69% in 2014 and 72% in 2015, with an increase of 6500 kWh
ystem and integration with HVAC system in NTL.

in one year. It is noted that energy for specialised research related
activities of the laboratories is not accounted for in these diagrams.
The installed PV system has covered the 27% of the annual electric
energy consumption of the building (offices, without laboratories).
This percentage is almost the same in both years. The increase is
partially due to the increased number employees from 2014 to
2015, as well as to heavier climatic conditions in 2015.

The electrical energy consumptions in 2014 and 2015, due to
the HVAC system, were assigned to Heating and Cooling and nor-
malized, considering the HDD (base temperature = 19 ◦C) and CDD
(base temperature 26 ◦C) calculated using data collected by the
closest available weather station (LCNC – 17607 – Athalassa, CY
– 33.40E; 35.14N) (Table 5). The base temperatures were cho-
sen in accordance with the study conducted by Theophiloua and
Serghides [57].

5.2. NTL energy performance

The impact of the solar cooling system has been simulated in
two scenarios. The first one assumes the nominal optical efficiency
of the LFR solar field at 46%. In the second scenario, the optical
efficiency was set to 60% achievable with a potential improvement
of the control of the mirrors.

The histogram of Fig. 14 shows the thermal energy monthly
gained by the LFR system in the first scenario (optical efficiency at
46%). Table 6 shows the main values of thermal energy production.

In the second scenario presented in Fig. 15 and Table 7 (optical
efficiency at 60%), the annual solar thermal energy production could

be increased by more than 30%, reaching approximately 104 MWh.

To compare the share of the SHC in covering the thermal energy
building demand in each scenario (Table 8) the following assump-
tion were made
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Fig. 13. Categorized electrical energy consumption [kWh, %] of NTL in 2014 and 2015.

Table 5
NTL Electric Energy Consumption in 2014 and 2015 due to HVAC system, normalized with respective HDD (Heating Degree Days) and CDD (Cooling Degree Days).

Electric Energy
Consumption in
Heating (HVAC)
[kWhe]

HDD [◦C*Day]
(base tempera-
ture = 19 ◦C)

Normalized
Electric energy
consumption
[kWhe/HDD]

Electric Energy
Consumption in
Cooling (HVAC)
[kWhe]

CDD [◦C*Day]
(base tempera-
ture = 26 ◦C)

Normalized
Electric energy
consumption
[kWhe/CDD]

2014 22783.04 692.7 32.9 31765.71 684.8 46.4
2015  24774.91 788.1 31.4 36224.47 810 44.7
Variation [%] 9% 14% −4% 14% 18% −4%

Fig. 14. Histogram of monthly thermal energy gained by LFR system and monthly average efficiency in Scenario 1 (optical efficiency = 46%).

Table 6
Main monthly thermal energy features of LFR production in Scenario 1.

Month Monthly Solar
Thermal Energy
gained by LFR
Solar Field [kWh]

Monthly Solar
Incident
Radiation on LFR
Solar Field [kWh]

Monthly average
Efficiency of LFR
Solar Field [%]

Peak Power [KW] Monthly Thermal
Peak Efficiency of
LFR [%]

January 1548.8 10,567.7 14.6% 25.7 19.2%
February 2509.7 12,235.2 20.5% 35.9 27.2%
March 5858.9 20,006.9 29.3% 53.0 35.3%
April  7895.9 21,977.7 35.9% 69.1 40.4%
May  1225.4 25,674.5 39.8% 64.5 43.2%
June  11,807.1 28,983.0 40.7% 70.1 43.8%
July  11,459.41 28,164.9 40.7% 71.5 43.8%
August 12,903.6 34,013.7 37.9% 62.8 42.1%
September 7010.2 22,294.9 31.4% 51.3 37.4%
October 4819.3 20,431.5 23.6% 45.4 30.2%
November 2363.6 14,951.6 15.8% 28.6 21.2%
December 1247.4 10,320.1 12.1% 19.5 14.6%
Total  Year 79,649.4 249,622.3 31.9% Optical efficiency = 46%



N. Kampelis et al. / Energy and Buildings 148 (2017) 58–73 69

Fig. 15. Histogram of monthly thermal energy gained by LFR system and monthly average efficiency in Scenario 2 (optical efficiency = 60%).

Table 7
Main monthly thermal energy features of LFR production in Scenario 2.

Month Monthly Solar
Thermal Energy
gained by LFR
Solar Field [kWh]

Monthly Solar
Incident
Radiation on LFR
Solar Field [kWh]

Monthly Average
Efficiency of LFR
Solar Field [%]

Thermal Peak
Power [KW]

Monthly Thermal
Peak Efficiency of
LFR [%]

January 2020.9 10,567.7 19.1% 33.6 25.0%
February 3274.4 12,235.2 26.7% 46.8 35.5%
March  7643.2 20,006.9 38.2% 69.2 45.9%
April  10,300.0 21,977.8 46.8% 90.2 52.7%
May  13,338.7 25,674.5 51.9% 84.2 56.3%
June  15,401.6 28,983.0 53.1% 91.5 57.2%
July  14,948.1 28,164.9 53.1% 93.2 57.1%
August 16,832.1 34,013.8 49.5% 81.9 54.8%
September 9144.8 22,294.9 41.0% 66.9 48.8%
October 6286.9 20,431.6 30.8% 59.3 39.4%

•
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November 3083.9 14,951.7 

December 1628.1 10,320.2 

Total  Year 103,902.87 249,622.3 

10% of thermal energy losses in piping systems, storage systems;
Thermal COP = 1.0 in heating mode, and COP = 0.7 in cooling mode
for the SHC system;
EER = 2.3 and SEER = 4 in cooling mode and COP = 3.15 in heating
mode for chillers and heat pumps of the HVAC system;
The hourly electric consumption of the SHC is set to 3.5 kWh  in
cooling mode and 2.0 kWh  per hour in heating mode (since in
heating mode the absorption chiller and the cooling tower are
OFF).

Actual COP of each system could not be calculated because the
xternal air temperature and the hourly thermal energy needs of
he building have not been registered. As for the scope of this work,
nly the nominal values were considered. In the purpose of further

nvestigation and more accurate simulations, temperature sensors
f outdoor temperature should be installed. Main monthly results
f 2015 simulations and the corresponding electrical energy sav-

ngs due to cooling and heating energy provided by SHC in Scenario
 (optical efficiency 46%) and Scenario 2 (optical efficiency 60%) are

resented in Table 8.

In Scenario 1, the SHC system could yearly cover about of 26% of
hermal needs of the building, with an average energy saving effect
n the HVAC electric energy consumptions of about 28% (Fig. 16).
20.6% 37.4 27.6%
15.8% 25.5 19.1%
41.6% Optical efficiency = 60%

In Scenario 2, the SHC rate could be higher than 33% regarding
thermal needs of the building with an energy saving effect on HVAC
electric consumptions of about 40% (Fig. 17). In this case, the sim-
ulations show that absorption chiller capacity should be improved
by 30% to get the full benefit of the energy collected by the solar
field. During the spring, the SHC is able to cover about 70% of the
thermal energy needs of the NTL building. According to Scenario 2,
this value reaches 100% in the month of April.

An important improvement of the SHC system is envisaged by (i)
introducing a double-effect Absorption Chiller, instead of a single-
effect one, and (ii) covering the back side of LFR mirrors structures
with PV panels able to convert diffuse solar radiation, when the
direct one is too poor for concentration and when the building does
not need cooling or heating services.

In this configuration, the LFR could work in thermal mode during
working days with DNI higher than 300 W/m2. It could switch in PV
mode if DNI is lower than 300 W/m2, and during weekend or hol-
idays. This smart configuration could increase the annual amount
of energy saving contribution of the LFR solar field from 28% to 38%

of the electrical energy demand of the NTL building.
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Table  8
Main monthly results of the simulations referred to 2015, in term of cooling and heating energy provided by SHC and electric energy saving effect on the building for each
scenario.

2015 Month Monthly SHC
capacity [kWh]

Monthly HVAC
thermal supply
[kWh]

Building thermal
needs covered by
SHC [%]

Monthly HVAC
electric energy
consumptions
[kWh]

Monthly HVAC
electric energy
consumptions
with SHC [kWh]

Monthly SHC
electric energy
saving [kWh]

HVAC electric
energy saving
due to SHC [%]

Scenario 1 (Optical
efficiency at 46%)

January 1471.3 19,819.8 7.4% 6384.8 5949.6 435.1 6.8%
February 2384.2 18,785.4 12.7% 5942.2 4997.5 944.6 15.9%
March  5259.9 11,012.1 47.8% 3374.9 2134.1 1240.7 36.7%
April  6172.6 7,743.9 79.7% 2237.2 821.7 1415.5 63.2%
May  6896.0 11,060.2 62.4% 3151.5 1163.0 1988.4 63.1%
June  7851.7 19,320.8 40.6% 5292.4 2476.6 2815.7 53.2%
July  7620.5 34,985.8 21.8% 8315.0 5966.7 2348.2 28.2%
August  8580.9 34,022.3 25.2% 9259.4 5571.1 3688.3 39.8%
September 4661.7 34,200.6 13.6% 7968.7 6715.0 1253.7 15.7%
October 3233.4 12,927. 25.0% 3345.3 2782.3 563.0 16.8%
November 1874.7 5446.6 34.4% 1784.1 1550.4 233.7 13.1%
December 1135.2 13,264.9 8.6% 3943.4 3803.1 140.2 3.5%
Annual  57,142.4 222,589.8 25.7% 60,999.3 43,931.7 17,067.5 27.9%

Scenario 2 (Optical
efficiency at 60%)

January 1919.8 19,819.8 9.7% 6384.8 5743.2 641.61 10.0%
February 3110.6 18,785.4 16.6% 5942.2 4631.7 1310.5 22.0%
March  6861.8 11,012.1 62.3% 3374.9 1634.6 1740.2 51.5%
April  8052.0 7743.9 104.0% 2237.2 210.6 2026.5 90.5%
May  8995.7 11,060.2 81.3% 3151.5 305.2 2846.2 90.3%
June  10,242.1 19,320.8 53.0% 5292.4 1353.1 3939.3 74.4%
July  9940.4 34,985.8 28.4% 8315.0 4991.8 3323.1 39.9%
August  11,193.3 34,022.3 32.9% 9259.4 4144.5 5114.9 55.2%
September 6081.2 34,200.6 17.8% 7968.7 6115.8 1852.9 23.2%
October 4218.1 12,927.0 32.6% 3345.5 2415.9 929.4 27.7%
November 2446.1 5446.6 44.9% 1784.1 1354.8 429.3 24.0%
December 1481.7 13,264.9 11.2% 3943.4 3687.5 255.8 6.4%
Annual  74,543.2 222,589.8 33.5% 60,999.3 36,589.2 24,410.1 40.0%

nd co
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Fig. 16. NTL monthly thermal dema
. Discussion

In the selected case studies the performance gap is finally
ssessed by comparing design and operational primary energy con-
umption in Table 9:
vered by SHC system in Scenario 1.
With regards to the Leaf Lab the net normalised primary energy
in the operational phase is deduced by extracting energy dissipated
for industrial purposes as this is not taken into consideration in
the corresponding design value. According to the results there is
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Fig. 17. NTL monthly thermal demand covered by SHC system in Scenario 2.

Table 9
Normalised primary energy consumption in the design and operational phase.

Pilot case study Normalised Primary Energy Consumption in Design Phase (kWh/m2) Normalised Net Primary Energy Consumption in Operational Phase (kWh/m2)
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Leaf Lab 26.9 

Leaf House 19.6 

NTL 64.4 

 relatively low difference of 8.5 kWh/m2 in primary energy con-
umption which is not considered particularly significant.

In the case of the Leaf House the performance gap is of higher
agnitude and in specific 34.8 kWh/m2 of primary energy con-

umption. A possible explanation for – at least – part of this
erformance gap is that the energy classification process (in Italy or
lsewhere) does not take into account energy for lighting or other
ppliances as it depends on residents’ behaviour or other factors
hat cannot be standardised and applied as a common assessment
ramework. One issue that requires further investigation is whether
he high thermal inertial of underfloor heating in the Leaf House
ould be controlled using predictive control to improve energy effi-
iency and indoor comfort levels. Another critical issue associated
ith the performance gap in the Leaf House is the engagement of

esidents in terms of their capability in controlling building sys-
ems, their understanding of the actual potential in saving energy
nd their motivation in this direction. Despite the fact that residents
f Leaf Lab enjoy an elaborate monitoring and control interface, it
as not been adequately explored if a performance gap may  be

inked to a lack of understanding or low commitment in address-
ng energy savings. An important parameter in this direction is that
esidents in the Leaf Lab are often visitors who do not permanently

eside in the building but in an ad-hoc fashion.

With regards to the NTL building, taking into account initial
esign assumptions results to an insignificant performance gap.
his is especially true when energy consumption based on HVAC
35.4
54.4
62.9

and lights is considered excluding power consumption of labora-
tories. It is to be evidenced that the most relevant effect of the SHC
introduction is an improved seasonal balance between demand and
generation from renewable sources, smoothing the summer peak
of electrical demand for air conditioning. An important improve-
ment of the SHC system has been envisaged by (i) introducing a
double-effect Absorption Chiller, instead of a single-effect one, and
(ii) covering the back side of LFR mirrors structures with PV panels
able to convert diffuse solar radiation, when the direct one is too
poor for concentration and when the building doesn’t need cool-
ing or heating services. In this configuration, the LFR could work in
thermal mode during working days with DNI higher than 300 W/m2

and it could be switched in PV mode if DNI is lower than 300 W/m2,
and during weekend or holidays. According to preliminary calcu-
lations, this smart configuration could increase the annual amount
of energy saving contribution of the LFR solar field from 28% to 38%
of the electrical energy demand.

Overall in the examined cases, the performance gap is either
not particularly significant or it can be possibly addressed by tech-
nical improvements or changes related to the human activity. In
the case of the Leaf Lab and the Leaf House this is largely due to
the integrated design which had as a starting point the targeted

the implementation of state of the art techniques, technologies
and know-how for achieving Near-Zero energy goals. In the case
of the Leaf House technical measures such as predictive control
could possibly provide a smart solution in avoiding energy waste



7 and Bu

a
a
e
i
n
a
p

a
t
w
o

7

d
a
d
e
c
s
p
i
m
e
t
t
z
a
t
p
t
c
n
i
p
f

A

H
S

R

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

2 N. Kampelis et al. / Energy 

nd improving indoor conditions. On the other hand training about
vailable controls, behavioral change and active engagement can be
specially important for residents to become proactive in reduc-
ng energy consumption. Behavioral change can be achieved in a
umber of ways including gamification i.e. competitions between
partments or enrolment in rewarding (future) Demand Response
rograms.

In the case of the NTL, renovation design and implementation
ctivities were consistent and effective in setting energy efficiency
argets, reshaping the envelope and integrating smart controls as
ell as the Linear Fresnel Collector system into the building service

perations.

. Conclusions

In this paper, the operational performance of industrial, resi-
ential and research/educational buildings has been investigated,
nalysed and optimized with the use of dynamic and quasi-
ynamic simulation tools. Energy efficient technologies, renewable
nergy technologies, storage, as well as smart monitoring and
ontrols have been audited to evaluate their significance for
mart near-zero energy buildings in different sectors. Various
erformance indicators have been used in this analysis includ-

ng normalized electrical and primary energy consumption. Smart
onitoring and indoor conditions measurements have been

xploited to allow the extraction of robust results and the valida-
ion of dynamic building energy models. The above analysis reveals
he significance in evaluating the actual performance gap in Near-
ero Energy Buildings and provide the basis for decision making
nd smart adjustments as necessary. In all three cases, apart from
he high quality building envelopes, the Near-Zero target is largely
ursued by renewable energy technologies and the implementa-
ion of advanced monitoring and controls. Furthermore, in all test
ases there is a systematic and continuous approach in establishing
ear-zero energy targets through research and innovation activ-

ties. In this direction, predictive control, behavioral change and
roactive users’ engagement have been identified as potential areas

or addressing energy efficiency improvements in the future.
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