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a  b  s  t  r  a  c  t

According  to  EU’s  Energy  Performance  of Buildings  Directive  (EPBD),  all new  buildings  shall  be  nearly
Zero  Energy  Buildings  (ZEB)  from  2018/2020.  How  the  ZEB requirement  is defined  has  large  implications
for  the  choice  of  energy  technology  when  considering  both  cost  and  environmental  issues.  This  paper
presents  a  methodology  for determining  ZEB buildings’  cost  optimal  energy  system  design  seen  from  the
building  owner’s  perspective.  The  added  value  of  this  work  is  the  inclusion  of  peak  load  tariffs  and  feed-in-
tariffs,  the  facilitation  of  load  shifting  by  use  of  a thermal  storage,  along  with  the  integrated  optimisation
of  the investment  and  operation  of  the  energy  technologies.  The  model  allows  for detailed  understanding
of  the  hourly  operation  of  the building,  and  how  the ZEB  interacts  with  the electricity  grid  through  the
characteristics  of its  net electric  load  profile.  The  modelling  framework  can  be  adapted  to  fit  individual
countries’  ZEB  definitions.  The  findings  are  important  for policy  makers  as  they  identify  how  subsidies  and
EPBD’s  regulations  influence  the preferred  energy  technology  choice,  which  subsequently  determines  its
grid interaction.  A  case  study  of a Norwegian  school  building  shows  that  the  heat  technology  is altered
from  HP  to  bio  boiler  when  the ZEB  requirement  is applied.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The recast of the EU Directive on Energy Performance of Build-
ings (EPBD) states that all new buildings are to be nearly Zero
Energy Buildings1 (ZEB) from 2018/2020 [1]. The definition of
nearly ZEBs in the EPBD states that “a nearly zero-energy building
means a building that has a very high energy performance. The nearly
zero or very low amount of energy required should be covered to a
very significant extent by energy from renewable sources, including
energy from renewable sources produced on-site or nearby” [2]. Gen-
erally speaking a nearly ZEB is an energy efficient building with low

∗ Corresponding author at: Department of Electric Power Engineering, Norwegian
University of Science and Technology (NTNU), N-7491, Trondheim, Norway.

E-mail address: karen.lindberg@ntnu.no (K.B. Lindberg).
1 The notation net ZEB, or nZEB, is also used to highlight that even though the

ZEB target is on an annual or lifetime level, the balance is calculated on an hourly
or  monthly level. In the following of this paper, whenever using ZEB this means net
ZEB.

energy demand that to a high extent is covered by on-site generated
renewable energy [3–5]. Because ZEBs need on-site energy genera-
tion in order to compensate for their energy use, they will inevitably
become an active and integrated part of the energy system.

Even though the EPBD sets a definition framework, each of the
EU member states shall define their own boundary conditions,
weighting factors and ambition level when calculating the zero
energy balance, due to differences in climate, culture & building
tradition, policy and legal frameworks. As of April 2015, about half
of the member states of the EU have accomplished this, and about 5
of the 28 states have chosen to use carbon emissions as weighting
factors, thus aiming at Zero Emission Buildings,2 rather than Zero
Energy Buildings [6]. Accordingly, a Zero Emission Building is
essentially the same as a Zero Energy Building, the only difference
is that the balance is calculated by using carbon emissions instead
of energy units (see more in Section 1.1). Whenever using ZEB in the

2 Zero Emission Buildings are also denoted as Zero Carbon Buildings.

http://dx.doi.org/10.1016/j.enbuild.2016.05.039
0378-7788/© 2016 Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.enbuild.2016.05.039
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.05.039&domain=pdf
mailto:karen.lindberg@ntnu.no
dx.doi.org/10.1016/j.enbuild.2016.05.039


K.B. Lindberg et al. / Energy and Buildings 127 (2016) 194–205 195

Nomenclature

Sets
Iheat Heat technologies, subset of I, Iheat = {ST, ASHP,

GSHP, EB, BB, DH, GB, CHP}
Iel Power technologies, subset of I, Iel = {PV, CHP}
I All energy technologies I = Iel

⋃
Iheat

F Energy carriers, F = {el import, el export, bio pellets,
natural gas, district heat}

Indexes
p Period
� Year within period, � = 1, ..., N
t Time step within year, t = 1, ..., T
i Energy technology
f Energy carrier
m Month within year, m = 1, ..., 12
k Reinvestment number

Parameters
Ctotspec

i
Discounted specific investment costs, including
reinvestments, for technology i [EUR/kW]

Ctotfixed
i

Discounted fixed investment costs, including rein-
vestments, for technology i [EUR]

Cam
i

Annual maintenance costs for energy technology i
[EUR/kW per year],

˚i Expected lifetime of energy technology i [years]
Del

t,p Electricity demand of building, at hour t within an
average year in period p [kWh/h]

Dheat
t,p Heat demand of building, at hour t, in period p

[kWh/h]
Pbuy,D

t,p Price of electricity bought from the grid at hour t, in
period p [EUR/kWh]

Pbuy,HP
t,p Price of electricity bought from the grid at hour t, in

period p [EUR/kWh]
Psell,PV

t,p Feed-in-tariff of PV electricity exported to the grid
at hour t, in period p [EUR/kWh];

Psell,CHP
t,p Feed-in-tariff of CHP electricity exported to the grid

at hour t, in period p [EUR/kWh];
Pbio

p Price of bio pellets in period p [EUR/kWh];
Pgas

p Price of natural gas in period p [EUR/kWh];
r Discount rate [-]
�i Efficiency of technology i [-]
�i,t,p Efficiency of technology i, at hour t, in period p [-]
COPi,t,p Coefficient of performance of technology i, at hour

t, in period p [-]
YPV,t,p Specific PV electricity generation, at hour t, in period

p [kW/kWp]
QST,t,p Specific solar heat generation, at hour t, in period p

[kW/m2]
Gf,p Carbon emissions for energy carrier f, in period p

[gCO2-eq/kWh]
PEf,p Primary energy factor for energy carrier f, in period

p [kWhPE/kWh]
PEembodied, Gembodied Weighted embodied energy (PE or car-

bon) [kWhPE or gCO2-eq]
PEref, Gref Weighted energy imports (PE or carbon) without

ZEB restriction [kWhPE or gCO2-eq]
GRCH Annual grid charge [EUR]
PPCHm Peak power charge, for each month m [EUR/kW]
Hacc

m Hour number of the last hour, for each month m [-]
TSH

t,p Temperature of water for space heating demand, at
hour t, in period p [◦C]

TDHW
t,p Temperature required for DHW, at hour t, in period

p [◦C]
Tsource

t,p Temperature of the heat source for HPs (ambient air
temperature for ASHP, and ground temperature for
GSHP) [◦C]

Tcollector
t,p Temperature within the ST collector (assumed

equal to storage temperature) [◦C]

Ambient air temperature [◦C]
IRRtilt

t,p Global irradiation on a tilted plane at hour t, in
period p [W/m2]

� Factor for ZEB level [-]

Variables
xi Installed capacity of technology i [kW]
crun

p Annual operational cost, for a typical year in period
p [EUR/yr]

qi,t,p Heat generated by technology i, at hour t, for a typ-
ical year in period p [kWh/hr]

di,t,p Electricity consumed by technology i, at hour t, for
a typical year in period p [kWh/hr]

bt,p Bio pellets consumed in BB at hour t, for a typical
year in period p [kWh/hr]

gCHP
t,p Natural gas consumed in CHP at hour t, for a typical

year in period p [kWh/hr]
gGB

t,p Natural gas consumed in GB at hour t, for a typical
year in period p [kWh/hr]

st,p Heat stored in accumulator tank (S) at end of hour t,
in period p [kWh/hr]

yi,t,p Electricity generated by technology i, at hour t, for a
typical year in period p [kWh/hr]

yexp
i,t,p

Electricity exported to the grid, from technology i,
at hour t, in period p [kWh/hr]

yselfcD
i,t,p

Electricity consumed in the building, from technol-
ogy i, at hour t, in period p [kWh/hr]

yselfcHP
i,t,p

Electricity consumed in HPs, from technology i, at
hour t, in period p [kWh/hr]

yimpD
t,p Electricity imported from the grid, at hour t, for a

typical year in period p [kWh/hr]
yimpHP

t,p Electricity imported from the grid to HP, at hour t,
for a typical year in period p [kWh/hr]

ıexp
t,p Binary variable, 1 if electricity is exported from the

building, 0 if import
ıimp

t,p Binary variable, 0 if electricity is exported from the
building, 1 if import

ymaximp
m,p Monthly maximum electricity import value, for

each month m,  in period p [kWh/hr]

Definitions and terms used
FiT Feed-in tariff
Electric specific demand Demand of electricity services

(lighting, fans&pumps, appliances, etc.)
Heat demand Demand of heat services (space heating and

domestic hot water demand)
Electricity consumption Consumption of electricity, includ-

ing electricity for heating purposes (if any)

following it embraces both Zero Energy and Zero Emission
Buildings.

The balance of a ZEB is calculated as energy consumed minus
energy generated over a year or over the total lifetime of the build-
ing. However, the building still exchanges electricity with the grid
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