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This paper presents new approach for determining buildings technical system energy performance. This
new methodology describes a mathematical model for accurately predicting indoor temperature and heat
losses of the space heating and domestic hot water system components. The entire model is described by
system of ordinary differential equations which can be solved using standard numerical techniques. The
innovative aspect of the method is the integral approach in mathematical modeling of buildings energy
needs and technical systems heat loss, taking into account heat accumulation in all considered parts
(building envelope + technical system). Such approach allows a detailed insight of the system behavior
for chosen working conditions. This model can serve for energy performance calculations in a wide vari-
ety of buildings types and their technical systems. The calculation example is given for family house,
equipped with conventional space heating and domestic hot water heating system, with the time step
of 1 min and for characteristic day of each month within a year. The results are compared against those
obtain from EN ISO 13790 and standard series EN 15316. The comparison shows significant differences in
determination of the annual delivered energy to the heating system (33%), as a consequence of difference
in estimation of the energy need for heating (15%) and calculation of the technical systems recoverable
heat losses utilization factor, which seems to be underestimated. The delivered energy to the space heat-
ing and domestic hot water heating system differs 25%, while the energy delivered to the generation sys-

tem differs 4%.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

One of the goals of the Directive on energy performance of
buildings (EPBD) is application of a common procedure for energy
performance calculation. This procedure is provided within a num-
ber of CEN standards, dealing each with a particular part of build-
ing technical systems and building elements itself. Although, the
related calculations are to more or less extent in use in the all
Member States, the accuracy has not been confirmed by date.

To validate these calculations, a comparison with more detailed
dynamic models, as the present one, for heat transfer determina-
tion in building and its technical systems is needed, in addition
to the long term measurements of energy consumption.

The model presented in this paper enables realistic simulation
of the transient heat transfer through a building envelope and in
its space heating and domestic hot water (DHW) system in depen-
dence on the climatic conditions for a given building structure and
control set-up of room temperature and DHW system. It takes into
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account a heat accumulation in all parts of the building structure,
technical systems and working fluids, i.e. in the emission, distribu-
tion, storage and generation sub-system (as defined in CEN stan-
dards [1]). As described in the subsequent text, the other models
dealing with this topic available in the literature are focused sepa-
rately either on building envelope or on the basic technical system
components, mainly not taking into account heat accumulation in
the system components and working fluids or not even in the
building envelope (in case of the integral models dealing both with
building envelope and technical systems). Also, unlike the other
models, the present one takes into account daily intermittency of
the system operation and system shut down during the night.

In [2] the simple hourly method has been described. The
method validation is given in [3], using EnergyPlus detailed simu-
lation method as a reference. This method, using simplified expres-
sions, enables the determination of the hourly energy need for
heating/cooling. Although, the accuracy is limited, due to reducing
the all heat transfer coefficients to the one lumped capacitance, as
well as due to modeling of the building envelope heat transfer by
the overall heat transfer coefficient (problems regarding heat
transfer via the ground), the method provides a good basis for
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development of other mathematical models. Furthermore, this
model enables only the hourly calculation, which is too large time
interval for system components operation analysis.

The building thermal model demonstrated in [4] enables calcu-
lations of the heat transfer through building envelope in arbitrary
time intervals, but due to many simplifications (e.g. solar radiation
absorption considered in the overall wall volume instead of outer
layers important for dynamic simulation, omitted solar radiation
absorption in inner walls) it is suspected to be insufficiently accu-
rate. In [5] the detailed building thermal model has been devel-
oped, using complex mathematical operations in determination
of the heating/cooling energy need. Similar approach is used in
[6] but the method, due to neglecting heat accumulation in exter-
nal walls, is expected to be insufficiently accurate especially in
transitional period. In [7], also using similar approach, authors
address some important limitations of building heat transfer sim-
ulation. In [8], using similar building model as described in [6],
heat accumulation effect of internal envelope is investigated.
Energy storage capacity of interior thermal mass is also analyzed
in [9]. Although, in these five models many of the influencing
factors are included, there is no influence of the technical system
(system heat losses, room temperature distribution, etc.) taken
into account.

The method presented in [10] describes the emission and distri-
bution sub-system dynamic models. Transient heating and cooling
system simulation model is demonstrated in [11]. Due to connect-
ing the developed models to the simplified building thermal model
and use of an ideal generation sub-system in [10], the model is not
expected to provide a reliable insight in the overall system behav-
ior and determination of the heat losses. The detailed physical
model of the technical system has been demonstrated in [12]. In
this integral model (building thermal model + technical system
model) the heat accumulation in the building envelope is
neglected. In [13] the developed mathematical models of the sys-
tem components are not directly linked to the building thermal
model and system control. All of the previously described models
dealing with the technical systems are not verified by comparison
to any other models and/or measurements. In the literature there
are only works presented dealing with system modelling per-
formed with the data obtained from the experiment as a boundary
condition [14]. Also, experimental investigation of heating system
performance is demonstrated in [15]. In this two papers only the
performance of one sub-system are measured. They, however, do
not include all the input/output parameters of the present model.
Therefore, here described integral model is compared with the
methodologies from the CEN standards [1] and Croatian national
Algorithm [16]. The method described in [16] is demonstrated in
[17] through the calculation example. The main novelty of the
method is an integral approach in mathematical modeling of a
building energy needs and heat losses of buildings technical sys-
tem components. Unlike in other separate building and system
heat transfer models, this integral approach allows for the all
recovered system heat losses to be taken into account in dynamic
modeling of building energy consumption, which in turns affects
operation of the technical system, making all these transient sim-
ulations likely more realistic and accurate. In addition, compared
to the other described models, the present one enables more
detailed definition of all influencing characteristics of building
and system parts/components, that all represent input values to
the model. Also, the other models, use steady state calculations
for modeling of technical systems, or transient calculations for only
one subsystem (e.g. distribution [10]). In the present model all sub-
systems (emitters, distribution pipes, storage, generator) are mod-
eled taking into account heat accumulation which are, therefore,
expected to enable more realistic prediction of system output
parameters and energy consumption in dependence of all influenc-

ing working conditions (climate, room temperature, space heating
and DHW control set up). Due to its concept and structure (appli-
cation of transient heat transfer equations in all parts, mutual con-
nections between sub-systems and building), the present model,
unlike the others, can be applied on any building geometry, system
configuration and for any working conditions.

2. Methods
2.1. Building model

Here presented dynamic heat transfer model of residential
building is based on application of the transient energy balance
equations on different parts of building structure.

Due to the difference in the layers of each building element
(external wall, floor, roof) the heat losses through external wall,
roof and the floor on the ground are separately modeled. Each
building element is divided into three domains: internal and exter-
nal layer and the center of the mass. The transient energy balance
equations are then written for each layer. Solar radiation coming
directly into the room space through openings does not directly
warm up the indoor air, yet it is mostly absorbed by floor and inte-
rior walls. Therefore, the transient energy balance equations are
additionally written for the interior walls, and separately for the
internal air volume. In this way, the entire building is described
by a system of ordinary differential equations, which can be solved
using standard numerical techniques.

2.1.1. Building indoor zone

The building indoor zone has been described as a single isother-
mal air volume with a unique thermal capacitance. This bounded
air volume exchanges heat with the internal layers of the walls
and external air through the windows and receives heat via inter-
nal gains and solar irradiation. The model also takes into the
account the heat transfer due to air exchange by infiltration and
the window openings.

The transient energy balance equation for the internal air vol-
ume can be written according to Eq. (1):

A'lgair - k
Vzone . Pair . Cp.air : T = d)int - ¢ve - Z¢1 - Z¢win + d)heating (])

i=1 j=1

where

¢in: Tepresents the internal heat gains (W);

¢ve heat flow due to ventilation considering the minimum suit-
able value of air exchange (W);

¢; is heat flow through the opaque building elements (W);
¢win 1S heat flow through the windows (W);

®heating 1S the space heating load (W).

Space heating load ¢pe,ing consists of useful heat flow delivered
by the emission sub-system ¢,,q hearing aNd also recoverable heat
losses of each sub-system. In this way, all recovered system heat
losses are taken into account in dynamic modeling of building
indoor air temperature, which is input to the space heating control
system (Fig. 3).

2.1.2. Building indoor zone

Each opaque building element is divided into three different
domains (Fig. 1): the internal layer, which is subjected to the com-
bined effect of internal air convection and solar irradiation coming
directly through openings, external layer, which is subjected to the
combined effect of internal air convection and solar irradiation,
and the center of the wall mass, which exchanges heat with the
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