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a  b  s  t  r  a  c  t

The  energy  efficiency  challenge  in  Europe  is  mainly  concerned  with  existing  buildings  and  the  investment
scenarios  to  implement  deep  renovations.  The  cost-optimal  approach  imposed  on EU-Member  states  by
the European  Energy  Performance  of  Buildings  Directive  aims  to  identify  the  investment  gap  and  chal-
lenges  to transform  existing  buildings  into  nearly  Zero  Energy  Buildings  (nZEBs).  The  investment  gap is
function  of  several  volatile  financial  parameters  including  discount  rate (r),  developing  of  energy  price
(e), decline  rate  of  technology  price  (d), as  well  as  nZEB’s  incentives  like  feed-in-tariff  (FiT)  and  invest-
ment  grant  (iG).  In  this  context,  the  decision  making  process  of individuals  or investment  institutions  is
hindered  by  complexity  and  uncertainty.

In order  to  assist  the  decision  making  process  and improve  the  visibility  of  financial  energy  benefits,  a
novel  optimization-based  parametric  analysis  scheme  (OptnZEB-I)  is developed.  The scheme  is  designed
to  investigate  a  large  number  of  economic  scenarios  (i.e., combinations  of  financial  assumptions)  in  a
short computational  time  while  a  holistic  optimization  approach  is adopting  for exploring  all  possible
design  options  including  energy  conservation  measures  (ESMs);  renewable  energy  sources  (RETs)  and
mechanical  systems  (Sys).

For  demonstration,  the  scheme  is applied  to analyse  the  impact  of several  financial  parameters  on
the  cost-optimal  energy  performance  level  (CO-EPL)  of  a single  family  house  in  Finland.  In line  with  the
EU-directive,  a large  number  of  possible  design  options  (∼3 × 109million)  are  optimized  for  4608  cases
of  economic  scenarios.  The  results  of  the  address  case  study  show  that,  in  average,  the  CO-EPL  ranges

2 2
from  90  to 160  [kWh/m ]. The  range  has most  frequent  value  of  145  kWh/m . The  CO-EPL  is  significantly
sensitive  to  the  e, f, then  i, respectively.  Less  sensitivity  is  found  to  the  other  financial  parameters.

The  robustness  of  the  optimization  results  are  verified  by  solving  the addressed  design  problem  by
using  four  different  optimization  algorithms  (i.e.,  pattern  search,  interior-point,  simulated  annealing  and
genetic algorithms).
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. Introduction

.1. Background

The long-term economic uncertainty in building’s life cycle cost
LCC) analysis is mainly associated with the selection of energy
rice, energy price development, energy demands, performance
f systems, life spans of technologies, investment costs, prevalent
iscount rate, as well as calculation period. This study extends the
cope of nZEB relevant studies by investigating a larger number
f economic assumptions and a larger number of possible design
ptions. According to a previous literature review conducted by the
uthors [1], it is concluded that few economic scenarios or design
ptions are addressed in nZEB related studies. None of the studies of
umbaroglua and Madlener [2], Hasan et al. [3], Papadopoulos et al.

4], Georges et al. [5], Kurnitskia et al., [6], Marszal et al [7], Munjur
t al. [8]. and Attia [9] investigated comprehensively the impact
f the economic assumptions on the cost-optimal energy perfor-
ance level (CO-EPL) towards nZEBs, in line with the EBPD-recast

010 [10].
Here, we introduce a novel optimization-based parametric anal-

sis scheme (OptnZEB-I) designed particularly to provide fast and
etailed hourly calculations considering the current and future
hallenges which face applying the EBPD methodology. A holis-
ic optimization approach is adopted to consider the significant
nteractions between available options of ESMs, HVACs, and RETs,
imultaneously. The scheme enables the user to repeat the calcula-
ions quickly addressing different economic and/or environmental
ssumptions. In accordance with the Directive 2010/31/EU (EPBD
ecast) [10], all EU Member States are obliged to perform analysis on
ost optimal levels of minimum energy performance requirements.
ember States should apply and continuously use the cost-optimal
ethodology from now and onwards, and have to repeat it at least

very 5 years. OptnZEB-I scheme is introduced to reduce the com-
utational efforts and enhance the visualization of the building
ost-optimality analysis.

.2. The EPBD-recast comparative framework methodology

“The recast Energy Performance of Buildings Directive (EPBD,
010/31/EU) [10] stands as an important milestone for building
olicies, requiring all European Member States to:

) Introduce minimum energy performance requirements for
buildings, building elements and technical building systems,

) Set these requirements based on a cost-optimal methodology
taking into account the lifetime costs of the building, and

) Construct only nearly Zero-Energy Buildings (nZEB) from 2020
onwards.” [11].

In order to determine cost-optimal energy performance level
energy performance level leads to the lowest cost during the
stimated economic lifecycle) for EU buildings, a comparative
ramework methodology [12] is established to evaluate the eco-
omic and environmental feasibility of all the possible designs
all the possible combinations of compatible energy efficiency and
nergy supply measures). The methodology can be used also for
etermining cost-effective nZEB.

Fig. 1 shows the comparative methodology flowchart. After
ombining reference buildings with all available designs (at least
0 packages of energy-efficient measures and technical systems

ncluding RETs), the calculation splits into two: the calculation of

he energy performance (using e.g., the 31 CEN standards18 [13])
nd the calculation of the financial performance (using e.g., the
uropean Standards EN 15459 [14]) of the different combinations of
eference buildings and packages. The calculation of energy costs is
dings 153 (2017) 421–438

thereby fed by the results of the energy performance calculations. A
cost curve shows the assessed combinations of energy performance
(x-axis) and financial performance (y-axis). It is the way that the
cost optimum/cost optimal level can be derived. The relationship
between current requirements and the position of the cost opti-
mum  is submitted to the commission in a reporting cycle and can
be used to update requirements, if suitable. The comparison with
future environmental targets could feed into a new loop, repre-
sented by the dotted line. This loop enables the effect of improved
framework conditions (e.g. the introduction of economic incen-
tives such as soft loans, feed in tariff, investment grants, etc.) to
be assessed, shifting the economic optimum towards medium- or
long-term targets, such as the introduction of nZEB by 2020, and
the 2050 decarbonisation goals. Therefore, it is recommended to
include ambitious (as well as very ambitious) measures among
selected packages in order to identify the remaining performance
and financial gaps and to use accordingly these results to shape fur-
ther policies and market support programs. Ambitious low-energy
building standards should also be considered in order to have a
timely evaluation of costs for the introduction of nZEB.

1.3. The economic and environmental feasibility of the
EPBD-recast methodology

The economic and environmental feasibility of the EPBD-recast
comparative framework methodology has been validated, before
[15–19] and after [1,20–23] stipulating the directive.

In line with the European Standard EN 15459 [24], the base of
the EBPD cost-optimality framework, Coninck and Verbeeck [16],
Renard et al. [25], Achten et al., [26], and Georges et al., [21], inves-
tigated the cost-effectiveness of energy saving measures and/or
energy supply systems for different building typologies in the con-
text of Brussels, Flanders, and Wallonia in Belgium, respectively.
They found that the global economic optimum is located at low-
energy level and not at standard or passive ones. Achten et al.,
[26] found that for new buildings, the legal requirements (EPB
2006: E100 and K45) of Belgium are much more inefficient than
the economic optimum. Compared to the referential dwellings, the
average energy saving potential for this economic optimum was
35–40% and the average economic saving over a life span of 30
years reached 15%.

In line with the EPBD framework methodology, Hamdy et al.,
study [20] showed that the cost-optimal energy performance level
of a single family house in Finland could reach 40% lower than
the D3-2012 [27] standard level. The study explored the economic
and environmental feasibility of a hung number of possible com-
binations of building envelope, HVAC, and renewables options
and determined the global optimums using a transparent and
time-effective optimization method. In March 2013, the Buildings
Performance Institute Europe (BPIE) published a report [11] sum-
marizes the cost-optimal energy performance level calculations for
Austria, Germany, and Poland. The report showed that in Austria,
the difference between actual/standard and cost-optimal energy
performance level could be from 10.5% to 21.6%, according to differ-
ent assumptions. In Germany, the minimum energy performance
requirements could be tightened by about 15% to achieve cost-
optimal levels and by about 25% to achieve the same global costs
as the current requirements (EnEV 2009). The cost-optimal calcula-
tion for Poland revealed that there is a very big gap between current
requirements (NF40 standard) and achieved results. Cost optimal
energy performance level of Estonian reference detached house

was significantly (39%) lower than the current minimum require-
ment [28]. For selected houses built after 1990 in Portugal, Oliveira
Panão [23] found that the cost optimal level should be from 22 to
33% lower than the current practice.
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ethodology – flowchart based on [15].
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Fig. 1. Comparative cost-optimal m

Beside the European Standard (EN 15459) and the EPBD frame-
ork, it is found that it is economically beneficial to invest

n environmentally friendly solutions. Papadopoulos et al., [29]
howed that increasing the energy price enhance the economic fea-
ibility of energy saving renovation measures (e.g., replacing the
ld window with new double-glazed ones) in urban buildings in
reece. In term of life-cycle costs (LCC), Kantola and Saari [30] found

hat the biogas energy, wood chip heating and ground source heat-
ng are more affordable solutions than the standard (district heating
nd grid electricity) for a hospital building in Finland. Bichioua and
rari [31] founded that cost-optimal building-envelope and HVAC
ystems selection can reduce life cycle costs by 10–25% depending
n the climate and type of homes in USA.

. Challenges

The actual investment gap in the deep renovation sector is
ot only due to up-front high investment or the long payback
imes but also due to the high risk of decision making. Finding

 cost-optimal level for nZEBs (Fig. 2) is a tedious, uncertain and
omplicated task for building experts [32,33]. In the context of

limate change and environmental mitigation, the building con-
truction markets is forced to achieve significant breakthrough
egarding building energy efficiency and energy neutrality [34–36].
he call for energy efficient refurbishment and investment in nZEBs
Fig. 2. Example of financial, energy and environmental gaps between current and
cost-optimal requirements and nZEB levels adapted from [11].

became a status quo of the current construction sector agenda
[37].The high investments generally characterized by excessively
high degree of risk and invisible energy related parameters make
it easy to build multiple quantitative scenarios or develop sets of

comparative renovation packages. The ever-increasing number of
technologies and/or technology mix  are not necessarily part of an
existing conventional buildings and as a result, are not always fully
implemented in all commercial building performance simulation
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Fig. 3. The sensitivity anal

ools [33]. When making important decisions building designers
re confronted with large numbers of possible options including
nergy conservation measures (ESMs); renewable energy sources
RETs) and mechanical systems (Sys) that were not available 20–40
ears ago [38]. Dynamic tools such as TRNSYS, and EnergyPlus could
e able to capture the salient physical interactions between energy
upply systems and the built environment. However, although it
s common knowledge that the impact of the design decisions is
reatest in earlier design stages, building performance simulation
s rarely used to support early design stage tasks such as concept
eneration and evaluation [39–43]. Instead, multiple tools have
een used to encapsulated the interactions between the different
uilding and energy system components and obtain the necessary
eedback to complete the design. Handling multiple tools is also

 challenge, particularly if cost-effective environmentally-friendly
olutions are desired. It is computationally expensive and tech-
ically difficult to manage building-envelope, HVACs, and RESs
imultaneous optimization [79]. According to the literature, there
re few tools (e.g., IDA ESBO [44]) that inform design prior to
he decision making for early design stages and in the same time
ddresses the nearly or net zero energy objectives, combining
assive and active design strategies. The available tools do not
ave neither exploring engines for time-efficient optimization nor
isualization techniques for decision marking support [42]. More
mportantly, available tools are not customized to comply with the
PBD new cast for cost optimisation (EPBD, 2010/31/EU) [79].

In addition to the above simulation, optimization and visualiza-

ion challenges, cost-optimal solution based on long-term life cycle
ost (LCC) analysis might be sensitive to many financial and ecolog-
cal assumptions. The up-front investment, payback time, volatile
nergy prices, energy demand, systems life span and efficiency,
sed optimization scheme.

discount rate as well as life cycle period are sensitive financial
parameters that need to be taken into account for nZEB refur-
bishments. Walking through these sets of financial parameters and
taking decisions of the cost-optimal energy performance level (CO-
EPL) of buildings requires outsized optimization runs and huge
simulation scenarios.

In this study, we aim to face the above challenges by reducing the
simulation and optimization efforts by avoiding time-consuming
simulations and unhelpful evaluations when possible. This is
achieved by a novel simulation-based optimization scheme devel-
oped in our previous work [1]. The scheme combines and manages
different tools (dynamic simulation engines, simplified mod-
els, and optimization algorithms) for applying fast but detailed
cost-optimality calculations for high efficient buildings. In the
concept, simplified but detailed models based post-processing
pre-simulated data are used instead of running computationally
expensive simulations when possible and efficient optimization
algorithms is used to avoid unhelpful evaluations towards optimal
solution.

3. Methodology

3.1. Optimization-based parametric analysis scheme (OptnZEB-I)

An optimization-based parametric analysis scheme (OptnZEB-I,
Fig. 3) is introduced to investigate the impact of m financial param-

eters (k1,k2,. . ..km) on the cost-optimal energy performance level
(CO-EPL, Fig. 2). Our pre-developed multi-aid optimization scheme
[1] for large-scale investigation of cost-optimality and energy per-
formance of buildings (Section 3.2) is the core of the introduced
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Fig. 4. OptnZEB-I: a multi-tool model for a fas

arametric analysis scheme (OptnZEB-I). The OptnZEB-I is designed
ccording to the EPBD 2010/31/EU and is carried out in two steps.

In the first step, each possible combinations between the
ssumptions of the m financial parameters is defined as an eco-
omic scenario (k̄), Fig. 3. For each scenario, the cost-optimal energy
erformance level CO-EPL is determined by minimizing the life
ycle cost of the building energy performance (LCC-bep) taking
ll initial and operating costs related to the energy performance
nto account. The minimum LCC-bep and its associated CO-EPL is
etermined by using a novel simulation-based optimization con-
ept (OptnZEB-I, Fig. 2, a part of the scheme Fig. 3) which is able to
educe the overall time of the optimization/minimization by avoid-
ng time-consuming simulations when possible. The calculations of
he LCC-bep and the energy performance level (EPL) are described
n details in Section 3.3.

S number of optimization runs (LCC-bep minimizations) are
equired to determine the CO-EPL under the S possible eco-
omic scenarios. This is achieved by running q (=S/4) consecutive
arallel-optimization runs utilizing a quad-core powerful com-
uter (i5-3570 CPU@3.70 HZ). The parallel computing is applied
o reduce the overall time of the parametric analysis. While con-
ecutive computations are applied when there was  no capability for
unning anymore parallel ones. In order to speed up the consecutive
ptimization runs, they are seeded by good initials from the previ-
us optimizations which have quite similar economic scenario (i.e.,
nly one financial assumption is changed in the given scenario). So
o increase the optimization efficiency of evolutionary algorithms
eeding is used as a recognized technique. Therefore, we applied
eeding the initial population with good or viable solutions [45],
ike the genetic algorithm (GA [46]) which is used here (Section
.2). The seeding technique has been applied to many building opti-
ization problems such as [47–52,53,79]. The seeded individuals

re kept up to 50% of the population size to provide an appropriate
mount of diversity in the initial population by letting the genetic

lgorithm (GA) to create the rest of initial population randomly
sing its creation function. One of the most determinant factors of
he GA performance is the variety of population.
 detailed simulation based optimization runs.

“Getting the right amount of diversity is a matter of start and
error. If the diversity is too high or too low, the genetic algorithm
might not perform well” [54].

In the second step, after determining the cost-optimal solutions
for the S economic scenarios, a parametric analysis is adopted to
quantify systematically the sensitivity of the cost-optimal solution
to the m financial parameters by calculating the regression slope
(a) between the input and output parameters. For example, the
sensitivity of the cost-optimal investment cost (CO-IC) and the cost-
optimal energy performance level (CO-EPL) to the discount rate (r)
are expressed by the aCO-IC and aCO COP, respectively

aCOIC = �CO  IC

� r
(1)

aCOEPL = �CO  EPL

� r
(2)

While the other financial parameters keep unchanged.

3.2. A simulation-based multi-aid optimization scheme (the core
of OptnZEB-I)

In order to speed up the above optimization-based analy-
sis (Section 3.1), the LCC-bep minimizations are achieved by a
simulation-based multi-aid optimization scheme developed in
previous work [1]. Unlike traditional simulation-based optimiza-
tion approaches, the multi-aid scheme has a feature of avoiding
time-consuming simulations – when possible – while the holis-
tic optimization approach is running for considering interaction
between possibility millions design/operation variables as well
as financial assumptions. The simulation-based multi-aid opti-
mization scheme is demonstrated in [1]. Fig. 4 shows the two
engines of the multi-aid scheme: multi-tool calculation engine and
derivative-free optimization engine. Multiple tools (dynamic build-
ing performance modelling, archives, as well as simplified hourly

models (e.g., one node buffering tank)) are employed by the cal-
culation engine to avoid detailed simulations when possible. The
optimizers can avoid detailed and tedious simulations for new vari-
ables combination with no effect on the thermal performance and
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 simplified post processing of models-based manufacturing will
isualize the data. This novel concept is presented in Fig. 4 by the
uestion “is there is a need for detailed simulation?” and illustrated

n Section 4 by examples which present its time-saving feature
here the OptnZEB-I is applied.

In the work, the multi-tool calculation engine is combined
o an optimization engine to complete the simulation-based
ptimization loop. Derivative-free algorithms (Genetic Algorithm
GA) and Pattern Search (PS)) under a double-check hybrid
ptimization scheme, Fig. 4, are implemented. Derivative-free algo-
ithms are known as the most suitable optimization methods for
olving nonlinear building and energy system design problems
33,37,50,56,57]. The GA and the PR are employed under a hybrid
cheme to minimize the cost function (LCCbep, Section 3.3) using

 holistic optimization approach considering multivariate interac-
ions between possible (n) design/operation variables (x1, x2,. . .xn).
he GA is implemented first for a small number of generations
i.e., max  5 generations are allowed without a significant reduc-
ion 0.001 in the cost function LCCbep where the population size
s tow times the design variables numbers = 30 individuals) to get
ear an optimum point. Then the solution from the GA is used as
n initial point for continuing the optimization process by the PS
olver that is faster and more efficient for local minimum search.
he Pattern search (PS) is halt by achieving one of the following
wo stopping criteria:

1) |LCCbep

(
x̄i, k̄

)
− LCCbep

(
x̄i−1, k̄

)
| < 10−3 ; during a mini-

ization step
2) NE > 3000, where NE is the maximum number of evaluations

s offered to find the minimum the cost function (LCC-bep). Smaller
umbers of evaluations were enough to achieve close-to-optimal
olutions. However, large number (3000) is used to guarantee high
uality results to detect small impacts. Thus, quality results were
enerated to examine the impact of financial parametric varia-
ions. Some parameters at certain circumstances have negligible
mpact on the results. In the double-check hybrid optimization
cheme, each optimization case is run twice in parallel and the best
esult (the smaller min. LCC) is selected. This check was  required
o achieve high quality results for each optimization case. The GA
s an efficient algorithm for optimization. However it could lead to
ifferent results because it’s random operator [58].

.3. Calculations of the life cycle cost and energy performance
evel

For each economic scenario, the CO-EPL was calculated based
n our previous study [1]. The initial and operating cost of energy
erformance is included to minimize the LCC of the building energy
erformance (LCC-bep).The construction and demolition costs are
ehind the scope of the LCC-bep calculations. In line with the Direc-
ive 2010/31/EU’s comparative framework methodology described
y [59], we omitted the cost of building components not related to
nergy performance.

The life cycle cost of LCCbep represent as a function of installed
echnology mix  (x̄) for building energy performance of a given
nancial scenario (k̄)

min
{
LCCbep

(
x̄, k̄

)}
x̄ = [x1, x2, ....xn] and k̄ = [k1, k2, ....kn]

(3)

here

x1, x2,. . .xn: n number of design and/or operation variables of

nstalled technology mix  (x̄),
k1, k2,. . .km: m number of financial parameters for S number of

nancial/economic scenario (k̄).
dings 153 (2017) 421–438

From the household perspective, the LCC-bep is defined as a sum
of investment costs (ICs) as well as present values of replacement
and operating costs (PVRCs and PVOCs), subtracted by the invest-
ment grant (iG) provided by the government or technology supplier
as well as by the present value of residual investments (PVRI) and
the present value of money gain (PVMG) from exporting electricity
to the grid. All the costs are divided by the net heating area of the
building (Abldg) to calculate the specific LCCbep

LCCbep = IC + PVRC + PVOC − iG − PVRI − PVMG

Abldg
(4)

The investment cost (IC)  is the summation of all initial costs
-including taxes- related to installing building and/or system tech-
nologies such as energy system, energy efficiency measures (EEMs),
and/or renewable energy source (RESs)

IC =
I∑
i

ICi (5)

where, I denotes the number of installed technologies.
The present values of replacement cost (PVRC) is the summation

of costs required for replacing the installed technologies when their
life expectancy are spent. To calculate the PVRC, the costs at the time
of replacement (RC) is discounted considering the discount rate (r)
and the replacement time (RT)

PVRC =
RI∑
i

1

(1 + r)RTi
× RCi (6)

where, RI denotes the number of replaced items.
The discount rate (r) considers the influence of the nominal

interest rate (i) and prevailing inflation rate (f) on the present value
(PV) of the money

r = i  − f

1 + f
(7)

The deduction in technology price is considered to calculate the
replacement cost (RC) at the time of replacement (RT) using the
decline rate (d)

RC = (1 − d)RT × IC (8)

where, IC denotes the initial price of the technology.
The operating costs include all annual costs such as maintenance

cost (MC) for maintaining equipment operation, subscription cost
(SC) for connecting the building to the electricity and/or district
heating grid, as well as energy cost (EC) for supplying the energy
need to the building

PVOC =
ES∑
i

PVAF × MCi +
ES∑
i

PVAF × SCi +
ES∑
i

PVAFe × ECi (9)

where ES are the number of energy sources/systems
The MC is assumed as a function of the annual operating hours.

The EC represents the annual energy consumption (including cost
of distribution and taxes). The present values of annuity operating
cost (PVOC) is calculated by multiplying each annual operating cost
by its Present Value Annuity Factor (PVAF) considering the discount
rate (r, Eq. (5)) for annual maintenance and, subscription costs (MC
and SC)  and the discount rate (re) for annual energy cost (EC)

1 − 1
(1+r)c
PVAF =
r

(10)

PVAFe =
1 − 1

(1+re)c

re
(11)
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Fig. 5. Historical statistic of energy
ource: [62].

here c is the calculation period, re is the discount rate (Eq. (5))
ncluding the escalation rate of energy price (e)

e = r − e

1 + e
(12)

In this case the cost of electrical energy is based on day-
ime/night rates. The daytime rate is applied on Mondays to Fridays
etween 07:00 and 20:00. The night time rate is applied outside
hese times.

The investment (iG)  is calculated simply by multiplying the addi-
ional investments, all costs added to improve the reference design,
y the purchase discount factor (PDF).

G = PDF × (ICs − ICsref.) (13)

The present value of residual investment (PVRI) is represented
y this equation

VRI =
ReI∑
i

1
(1 + r)c

× RVi (14)

here ReI are the number of residual items
The residual value (RV) of investments are calculated using the

ecay rate (de)

V = (1 − de)c−RT × IPr (15)

here, IPr denotes the price of the technology at the last replace-
ent time (RT), c is the calculation period

Similar to the present values of annual operating costs, the
resent value of annual money gain (PVMG) is calculated

VMG = PFAF × MG  (16)
here MG  is the annuity money gain from exporting surplus elec-
ricity to the grid.

The MG  is calculated by multiplying the electricity price (Pe) by
he feed-in tariff (FiT) by the amount of surplus electricity (Sur.E),
for detached household in Finland.

generated from energy sources (ES) such as photovoltaic panels
(PV) and micro-heating and power plants (�CHP)

MG =
ES∑
i

Pe × Fit × Sur.Ei (17)

The cost-optimal energy performance level (CO-EPL) is defined
as the net primary energy need (NPE, Eq. (16)) associated to the
minimum life cycle cost (LCCbep, Eq. (1))

NPE = DPE-CFeleEPE (18)

Where DPE and EPE are the delivered and exported primary ener-
gies, CF is a credit factor for exporting the surplus energy to the grid
(0 and 1 CF are assumed in this study).

The delivered energies are calculated by dividing the hourly
energy demands by the hourly system efficiencies and/or coeffi-
cient of performance (COP) considering the part-load operation
into account (see the computational case study, Section 5). The
energy demands for space heating, lighting, appliances, domes-
tic hot water (DHW) and axillary systems (pumps and fans) is
taken into account. The delivered primary energies are calculated
by using non-renewable primary energy factors PEFfuel , PEFDH , and
PEFele. depending on the energy carrier: fuel, district heating, and
electricity, respectively

DPE = PEFfuel Qfuel + PEFDH QDH + PEFele Qele (19)

where Qfuel, QDH and Qele. are the delivered fuel, district heating,
and electricity, respectively.

According to Finland Code of building regulation [60], 1, 0.7,
and 1.7 primary energy factors (PEFs) are assumed for gas, discreet
heating, and electricity, respectively.

4. Computational case study
The reliability of the introduced optimization-based paramet-
ric analysis scheme (Section 3), is demonstrated by investigating
the cost-optimal energy performance level (CO-EPL) of a single
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Fig. 6. Historical statistics of inflation and interest rates in Finland [63].

Table 1
Values of economic assumptions.

Economic parameters Possible assumptions

Nominal interest rate (i) (0, 5, 10, or 15%)
Inflation rate (f) (−3, 5, or 7%)
Escalation rate of energy price (e) (0, 4, or 8%)
Calculation period (P) (30 or 60 years)
Feed-in-tariff (FT) (0, 50, 100, or 200%)
Investment grant for ESMs (0, 20, 40, or 100%)
Investment grant for RETs (0, 20, 40, or 100%)

Table 1 includes 4608 (4*3*3*2*4*4*4) combinations of economic parameters’ val-
u
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the house. No mechanical cooling is used. Internal shading con-
trol is assumed to apply the shading when the schedule is ‘on’
es.

amily house in cold climate of Finland (see Section 4.1). Finding
ost-optimal solutions for buildings in cold climate is more com-
lex than for buildings in hot climate [61]. Climate plays a large
ole in determining the optimal design of a low-carbon building.
sually buildings are bespoke entities, tailored to the climate in
hich they are sited. For instance in general, temperate climates

ave most distinct solutions modes, due to the complex trade-offs
hat exist between cooling, heating and lighting demands. This is
bvious in cold climates that have high temperature swings, thus
equiring cooling as well as heating. Very hot climates have the
implest solutions, where the objective is simply to minimize solar
ain. The increased effectiveness of PV in climates with high solar
ain can offset the high cooling loads in those climates. This is not
ffective in cold climates, where other technologies may  have to be
nvestigated. Therefore in the current study, a large scale investi-
ation is conducted assuming 1) a huge solutions space ranges, due
o compliance with the Finnish building code [27] to solutions that
ealize surplus energy building (see Section 4.2) and 2) 4608 eco-
omic scenarios (Table 1) cover traditional and extreme economic
ssumptions in line with historical statistics data (Figs. 5 and 6)
nd future nZEB incentives such as feed-in tariff (FiT) and invest-

ent grant (iG). Table 1 presents the assumptions of the addressed

nancial parameters. According to the last ten-year from Statistics
Fig. 7. Performance (COP) of the ASHP as a function of the outdoor and the supply
water temperature.

Finland [20], the electricity, district heating and gas energy prices
are assumed as 12.5, 5, and 3.2 D /kWh, respectively (Fig. 7).

4.1. Description of the house and its HVAC system

The studied house located in Helsinki Finland, and has two  floors
with a net floor area of 143 m2. The house is divided to 12 zones (liv-
ing room, technical room, kitchen, sauna, and toilet in the ground
floor; four bed rooms, common area, and toilet in the upper floor;
besides staircase with opened doors between the ground and upper
floor). Operable windows are installed in each zone for natural ven-
tilative cooling when the outdoor temperature is lower than the
summer threshold 25 ◦C and higher than the heating set-point tem-
perature 21 ◦C. Wind pressure coefficients are used from [64] to
consider the wind effect on infiltration and natural ventilation of
and the incident light exceeds 100 W/m2 on the inside of the glass.
Beside the natural cooling and internal shading, recess shading is
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Table  2
Design/operation options in the solutions space.

Parameters X Design/operation options No. Opti-ons Costs

ESMS Package of building
envelope (PBenv.)

X1 PBenv. 1 (standard house 2010), PBenv.2 (low energy
house), or PBenv.3 (Passive house).

3 8000 D ,a 12,000 D , b17,000 D ,c

Efficiency of lighting and
appliances

X2 Standard (Incandescent lighting + appliance energy-class
A) or High efficient (mix of fluorescent and Incandescent
lighting + energy-class A++)

2 3030 D , or 5670 D ,b [65,66]

Type of heat recovery unit
(efficiency%)

X3 Cross-flow heat exchanger (60%) Cross-flow heat
exchanger (70%) Regenerative heat exchanger (80%)

3 1500 D , 2000 D , 2500 D [20]c

Size of buffering tank X4 100, 300, 1000, or 1500 l 4 370 * Vtank + 1720 [67]
Insulation level of the
buffering tank (Thins)

X5 40, 100, 200, 400 mm 4 150 * Atank *Thins [68]

RETs Area of solar thermal
collectors

X6 0, 4, 8, 12, 16, 20, 24, or 28 m2 8 492 ASth + 500; Table 5

Area of photovoltaic
module

X7 0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40 m2 11 3.1Apv2 + 202A pv + 1983; Table 5

Overall efficiency of the
photovoltaic

X8 10 or 13% 2 70% of the given price

100% of the given price
Slope  angle of photovoltaic
module

X9 45, 60, 75◦ 3 –

Azimuth angle of
photovoltaic module

X10 0, 15, 30 or 45◦ from south to west. 4 –

Sys. Type  of primary heating
unit

X11 District heating (DH), Air source heat pump (ASHP),
Ground Source Heat Pump (GSHP), PEMFC with On/off
operating mode, or PEMFC with thermal tracing

5 See Table 5

Size of the primary heating
unit

X12 0:0.5: 6 kWd 13 –

Supply water temperature
from the primary heating
unit (Ts)

X13 40, 50, or 60% 3 –

Operating hour start at X14 from first of August to end of September (step 15 days) 5 –
Operating hour stop at X15 from first of May to end of June (step 15 days) 5 –

Vtank: Volume of the buffering tank [m3].
A tank: Perimeter area of the buffering tank [m2].
Thins: Thickness of insulation [m].

a The price is calculated based on price assumptions from our previous paper [20]. The prices are updated assuming 1.7% inflation rate (the average of the last ten year
inflation  rate [63]). The lifespan of the building envelope except the window is assumed to be 60 years. For windows 30 years is assumed.

b 1200 and 10,000 operating hours are assumed for the incandescent and fluorescent lighting, respectively.
c The heat recovery is replaced every 15 years.
d Direct electrical heater is assumed as a backup heating system. The size of backup system depends on the heating demands the size of the energy sources systems (e.g.,

primary heating system, solar thermal collector, photovoltaic) as well as the buffering tank design.

Table 3
Packages of building envelopes.

Package of building envelope (PBenv.) PBenv 1 (Standard 2010) PBenv 2 (Low-energy house) PBenv 3 (Passive house)

Thermal transmittance U, W/(m2 K) of building envelope
External walls 0.17 0.12 0.07
Roof  0.09 0.08 0.06
Floor  0.17 0.08 0.08
External  doors 1 0.5 0.4
Windows 1 0.8 0.7

Solar  properties of the windows
Solar heat gain coefficienta, g 0.56 0.56 0.46
Solar  transmittancea, T 0.44 0.44 0.4
Air-tightness of the building envelope

lar tra
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Air change rate at 50 Pa: n50, 1/h 2 

a Internal shading of windows decreases solar heat gain coefficient by 35% and so

mplemented to minimize the summer overheating risk. In addi-
ion, overhangs are used for the south zones on the upper floor.
he thermal performance of the house is evaluated by using IDA-
CE 4.6 [44]. In order to reduce the heating demand, exhaust-air
eat recovery is used. As a reference design, the house is assumed
o be connected to the district heating grid with no any on-site
nergy generation systems. The reference house is assumed to have
inimum energy performance requirements in according to the
innish standard [27]. The district heating plus the minimum ESMs
Table 2) cost about 21 kD . Any costs higher than this value is con-
idered as additional investment cost (dIC). The reference design
as energy performance level of 150 kWh/m2a which is a bit lower
0.8 0.6

nsmittance by 84%.

the standard level 170 kWh/m2a (372 − 1.4 × Areahouse), which has
come in force by the Finnish code D3-2010 [27]. Table 3 presents the
building envelope properties according the Finnish standard 2010,
low energy standard, and passive house standard, respectively.

4.2. The design and operation space (solution space)

The solution space for cost-optimal energy performance level

(CO-EPL) was based on compliance with the EPBD-recast 2010
and the Finnish national code C3-2010 to achieve nZEBs. Table 2
presents the design and operation variables which consist the solu-
tions space: three packages of building envelope (Benv 1, Benv 2,
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Table 4
The annual energy demands and overheating degree hours of the pre-defined house [kWh/m2a] assuming three packages for building envelope and two efficiencies for
equipment (lighting and appliance).

Package of building envelope (PBenv.) PBenv 1 PBenv 2 PBenv 3

Lighting and appliances efficiency Standard High Standard High Standard High

Heating Demands [kWh/m2a] Space heating in zones 39.2 45.2 22.2 26.8 8.3 12.1
Heating of ventilation air 10.1 10.5 10.1 9.9 8.6 9.6
Heating of DHW 31.9 31.9 31.9 31.9 31.9 31.9
storage and distribution loss 3.3 3.3 3.3 3.3 3.3 3.3
Total  84.5 91.0 67.5 72.0 52.0 57.0

Basic  Electrical Demands
[kWh/m2a]

Lighting 7.3 3.7 7.3 3.7 7.3 3.7
Equipment, appliances 28.7 21.5 28.7 21.5 28.7 21.5
Sauna  6.7 4.6 6.7 4.6 6.7 4.6
Fans,  pumps 5.6 5.6 5.6 5.6 5.7 5.7
Total  48.5 35.5 48.5 35.5 48.5 35.5

Total  Electrical Demands
(Heating + Basic) [kWh/m2a]

if GSHP is used 86.2 75.2 81.8 69.9 77.6 66.2
if  AWHP is used 110.9 101.2 102.8 91.8 95.3 85.1

132.8 126.2 115.9 107.3 100.6 92.5

47.8 31.1 49.9 31.2 88.6 31.4
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if  Ele. Boiler is used 

Overheating degree hours (DH27)[◦Ch] 

nd Benv 3) range from in according to the 2010 standard (Benv1)
o passive house in according to RIL-2009 Finnish codes (Benv3);
tandard and high efficient equipment (lightings and appliances);
ross flow and regenerative heat recovery units; four sizes of stor-
ge tank; three levels of storage tank insulation; eight sizes (0, 4,
, 12, 16, 20, 24, or 28 m2) of solar thermal collectors; eleven sizes
f photovoltaic; two types of photovoltaic module (thin film and
ono-cSi); three and four options for slope and azimuth angles of

he PV modules (inclination angles from 45 to 75◦ and orientations
rom south to west), five types of primary heating systems (EleB:
lectrical boiler, DH: District Heating, ASHP: Air Source Heat Pump,
SHP: Ground Source Heat Pump, or �CP/�PEMFC); five sizes for

he primary heating unit; three levels water supply; six starting
nd six stopping times for the primary heating unit. The design
ariables are classified into three categories:

. Energy saving measures (ESMs): measures which reduce the
energy demand (from X1 to X6),

. Renewable energy technologies (RETs): technologies which use
sustainable sources of energy like wind and sun (from X7 to X
13),

. Mechanical systems (SYSs): mechanical systems which can be
used if 100% sustainable sources of energy are unavailable via
RETs (from X14 to X 16),

Table 3 describes the three building envelope packages: the
ackage of standard house (PBenv1), the package of low energy
ouse (PBenv2), and the package of passive house (PBenv3). Table 4
resents the energy use and the overheating level in the three
epresentative building envelope packages assuming two cases:
tandard and high efficient “ighting and appliances” are imple-
ented.

Table 5 presents the installation and maintenance costs of the
nergy supply systems (solar thermal collector, photovoltaic, and
rimary heating system) as well as their lifespan and their related
nnual subscription/energy delivering fees.

.3. Example of implementation

Fig. 9 illustrates the implementation of the introduced multi-
ool calculation engine (the core of the OptnZEB-I, Fig. 4, the core of

he optimization-based parametric analysis scheme, Fig. 3) for han-
ling the predefined computational case study (Section 4). Multi
ools (dynamic software such as IDA-ICE and IDA-ESBO as well as
implified models based manufacturing data and/or steady state
Fig. 8. Electrical (AC to grid), thermal and total efficiency performance characteris-
tics of 4.6 kWe  PEMFC device [75].

heat balance modelling, Fig. 9) are utilized to calculate the energy
consumption and generation in relation to the integrated building
design. Detailed dynamic simulations -by IDA-ICE and IDA-ESBO-
are used to assess the performance of implementing new options
of building envelope/lighting and photovoltaic/solar thermal sys-
tem. The detailed simulation results are kept in archives to be used
for post-processing evaluations considering the whole integrated
building and system design. The possibility of avoiding sophis-
ticated and/or detailed simulations and using post-processing
instead is managed by the OptnZEB-I by asking “is there a need for
detailed simulation”, see Fig. 4. The answer of this question is given
to the engine by identifying the particular design variables’ combi-
nations which require detailed simulation using detailed dynamic
simulations as shown below.

The multi-tool calculation engine (Fig. 9) divides the solution
spaces into a number of subsets of inputs (Yellow input boxes)
to execute the required tool only at each evaluation during the
optimization run. The first subset (the first input box) includes
the design parameters with direct influence on the thermal per-

formance of the building {the first two design variables: package
of building envelope (X1) and efficiency of appliances and light-
ing (X2)}. IDA-ICE 4.6, a detailed building performance simulation
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Fig. 9. The new concept of multi-tool calculation en

ool, runs only corresponding to changes of those variables (X1
nd X2). A simplified models such as AHU-model is executed
instead IDA-ICE 4.6- to evaluate the influence of improving the
fficiency of the heat recovery (X3) and efficiency of the AHU fan
X-) on the energy need. The AHU-model relies on pre-simulated
esults (return air temperature (RAT) and mass flow rate (mair))
rom detailed simulations carried out by IDA-ICE 4.6. Using the
HU-model avoids running many of time-consuming detailed sim-
lations. It is a simplified model with a very short execution time
less than 0.01 s) which is ready to run instead the IDA-ICE 4.6
hen detailed pre-simulated results (RAT, mair) are available in the
ptnZEB-I’s archive.

Time-expensive simulations are also avoided in the following
ases. The potential of heating energy saving due to increasing the
uffering tank capacity (X4), increasing the storage tank insulation
X5), implementing thermal solar collector (X6), and/or utilizing the
urplus electricity generation (e.g., from PV) is calculated using a
implified one-node tank model. The model is created to be uti-
ized instead of detailed simulation by applying semi-state hourly
eat balance equation. This aims to calculate the water tempera-
ure inside the tank depending on different energy supply sources
nd different energy conservation measures. The operational tem-
erature of the tank ranges between 60 and 90 ◦C. If the size of
he primary heating units is not sufficient to achieve the 60 ◦C, the
uxiliary electrical heaters work to keep the tank at the minimum
emperature level. The impact of the return water temperature of
pace heating system (mw1) and AHU (mw2) on the performance
f the heating systems are considered into calculations. The heat

osses from the buffering and DHW tanks are calculated according
o the Finnish regulation D3-2012 [27] as functions of the hot water

torage capacity (size of buffering take (X4) + size of DHW tank) as
ell as the insulation level (X5). Detailed simulation is applied using

DA-ESBO to assess the potential of solar thermal collect for DHW
nergy saving. The DHW tank has a set-point temperature of 55 ◦C.
ased on [1] (the main core of OptnZEB I shown in).

The tank is heated by three means: solar heating, controlled heating
from buffering tank, and auxiliary electrical heater, consequently.
The tank has a size of 300 l. The solar thermal collectors are used
mainly to reduce the domestic hot water demands. Depending on
the temperature limits, the surplus solar heating – generated in
the DHW tank – can transfer to the buffering tank to be utilized
for space heating. The electricity generated from RETs (like photo-
voltaic) is used mainly to cover the lighting, appliances, and plug
load demands.

The PV-model calls IDA-ESBO to evaluate hourly electrical pro-
duction of one square meter of photovoltaic. Scaling factors are
used to adapt the hourly electricity production when X7 and/or X8
are changed. The PV-model calls IDA-ESBO only when the slope or
the azimuth angles (X9 and X10) of the PV modules are changed. The
�CHP-model is a simplified model uses manufacture performance
curves to evaluate the performance of �CHP, Fig. 9. The electrical
productions from PV and �CHP and the electrical use (appliances,
lighting, and indirect electrical heating) are fed to the electrical
balance model (Electricity balance-model). The model is used to
calculate the electrical matching indices and the delivered (Y2) and
export (Y3) electricity.

The OptnZEB-I’s calculation scheme follows the Trias Energet-
ica principle to provide sustainable energy utilization [76,77] (see
Fig. 10). The primary heating unit (X11) is used when the direct
RETs and are not able to cover the building demands. The electrical
heater is used as a backup system. The energy source-model eval-
uates the performance of the primary and auxiliary energy source
units. The primary heating units (e.g., ASHP and GSHP) operate at
varying COP depending on part load ratio (PLR, Fig. 11) and environ-
mental impact such as outdoor temperatures (ODT). Example of the

variation of the COP of the ASHP and the GSHP is shown in Fig. 12.
The figure shows the variation considering the impacts of the part
load factor, outdoor temperature as well as supply temperate.
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Table 5
Energy supply systems.

Technical systems Efficiency (�) or coefficient of
performance (COP)

Installation cost (D ) Life expectancy Annual costs

� COP Unit cost Initial setup cost Unit Install-ation period
maintenance cost

Annual
subscription/delivering
fees (D )a

Solar systems Solar thermal (Sth) Variantb – 492 ASth 500 15 30 46.7 ASth 0
Photovoltaic (PV) 10 or 13% (optional) – 3.1Apv

2 + 202A pv + 1983 [67] 30 30 46.7 APV [70] 0
Heating systems Electrical boiler 100% – 200 kW + 700 [69] 300 10 60 0 D /Wh  0

District  heating (DH) 93% – 50.5 kW 6050 15 60 1.1 D /Wh  445.6
Air  source heat pump (ASHP) – Variant Fig. 8 285 kW + 5615 [70] 615 15 60 14 D /Wh  0
Ground  source heat pump (GSHP) – Variant 285 kW + 6615 [70] 771 kW + 842 [71] 15 60 14 D /Wh  0
�CHP  (Proton exchange membrane
fuel cell (PEMFC)

Variant Fig. 9 – 7000 kWe  [72] 1.7 unit cost 4.6 15 16 D /Wh  720

aIn addition to the 85.2 D Annual electricity subscription fee [73].
bVariant according to the DHW temperature. The simulation is made by IDA-ESBO, a dynamic simulation tool.
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Fig. 13. The potential of available ESMs options (Table 2) in reducing the delivered
energy (in terms of electricity import).
M. Hamdy et al. / Energy an

ate quickly to the best solutions). In addition to the time-saving
eature of applying computational optimization, the optimization
s speeded up by avoiding sophisticated and detailed simulations

hen was possible. Detailed/time-consuming simulations are run
nly when there was a need as shown in Fig. 4.

This section gives an example of the time-saving which can
e achieved by our novel simulation-based optimization concept
using simulations only when needed). The example presents the
ptimization of the base-case assumptions (i = 3.2%, f = 1.7%, e = 5%,

 = 5%, FiT = 0, and IG = 0).
If traditional simulation-based optimization approach was  used,

here was a need to perform 39, 90, and 94 detailed/time-
onsuming simulations for evaluating the building envelope
ptions 1, 2 and 3, respectively, during the optimization run. With
ur novel simulation-based optimization concept (Section 3.2),
nly few simulations were enough for each building envelope
ption. In this example, the detailed building performance simula-
ion is used only thirteen times instead of 223 (39 + 90 + 94) times:
wo times for simulating the first building envelope option (PBenv
), five times for simulating the second building envelope option
PBenv 2), and six times for simulating the third building envelope
ption (PBenv 3) considering the interaction between the building
nvelope and the lighting and appliances as well as the heat recov-
ry options (the design variables’ options which influence directly
he thermal performance of the house). For instance, there was  no
eed to simulate the first building envelope option (PBenv 1) more
han two times, because there was no interaction between PBenv

 and the lighting -appliances option 2 either the heat recovery
ption 2.

Moreover, there was no interaction between the
PBenv2 + Lighting & appliance 2) and the heat recovery option.
his reduced the computation time significantly following the this
quation

ime saving =
N1∑
i

�i −
N2∑
i

�i ≈ �average (N1 − N2) (20)

here � is the average execution time of one detailed building
imulation using IDA-ICE (≈0.6 h). N1 and N2 the number of evalu-
tions required by the traditional and the novel simulation-based
ptimization concepts (223, and 13), respectively.

. Results and discussion

.1. Pre-parametric analysis

Before investigating the impact of the financial assumptions on
he CO-EPL, parametric analysis is carried out to check the max-
mum and minimum potentials of reducing the delivered energy
y implementing available options of ESMs (Fig. 13), and RETs
Fig. 14). The maximum potential represents the maximum energy
eduction can be achieved by implementing a specific ESM or RET
ption when minimum implementations are considered for the
ther ESMs and RET and direct electrical boiler is assumed for
eating. The minimum potential represents the minimum energy
eduction can be achieved by implementing a specific ESM or RET
hen maximum implementations of other ESMs and RETs options

re assumed with a large size (6 kW)  GSHP for heating.
The results show that the maximum implementations of RET

40 m2 of photovoltaic) can reduce the basic electrical demands
48.4 and 35.4 kWh/m2a where standard and high efficient light-
ng & appliances options are assumed, respectively) by about 25%

11.6 and 9.5 kWh/m2a, respectively). In case of the heating demand
s covered by indirect electrical-based heating systems (ASHP and
SHP), the 40 m2 PV can achieve additional energy reduction ranges

rom 5.1 to 8.4 in case of ASHP, and 3.7–7.2, kWh/m2a in case
Fig. 14. The potential of RETs options (Table 2) in reducing the delivered energy (in
terms of electricity import).

of GSHP. The highest and lowest reductions (8.4, 7.2 kWh/m2a)
and (5.1, 3.7 kWh/m2a) are corresponding to the efficiency of the
implemented lighting and appliances (standard and high efficient,
respectively) where minimum implementation of other RET (e.g.,
no solar thermal collector) and ESMS (e.g., 60% efficient heat recov-
ery unit, and 40 mm insulation thickness) are assumed. The impact
of maximum implementations of other ESMs and RETs (e.g., 80%
efficient heat recovery unit, 200 mm insulation thickness, and
28 m2 solar thermal collectors) on the potential of energy reduce
by high efficient lighting & appliances and/or the PV is shown in
Figs. 13 and 14, respectively.

5.2. Impact of financial assumptions on the cost optimality
towards nZEB (optimization-based parametric analysis results)

The sensitivity of the cost-optimal energy performance level
(CO-EPL, Figs. 15 and 16) and the cost-optimal investment (CO-IC,
Figs. 17 and 18) to the escalation rate of energy price (e) and the dis-
count rate (r) are investigated where “there is no” and “there is” FiT
as well as “there is no” and “here is” iG (25% discount of additional
investment). Two regression slopes (a1 and a2) are calculated to
present the sensitivity of the cost optimal level (y-axis) to the dis-
count rate ‘r’ (x-axis), where r > 0% and r < 0%, respectively as shown
in Figs. 16 and 18. Examples of detailed global cost-optimal solu-
tions are shown by Table 5 which presents the investment costs (IC)

of each implemented technology, the present value of replacement
cost (PVRC), the percent value of energy cost (PVEC), as well as the
net primary energy with and without credit for exporting the sur-
plus energy to the grid. In general, the results show that the energy
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Table 6
Examples of the global cost-optimal solution for 24 economic scenarios assuming 30-year calculation period, 5% decline rate for technology price, 3 and 1.5% discount rates (r), “there is” and “there is no” FiT,  and “there is” and
“there  is no” investment grant (iG)  and 1%, 5% and 10% energy price escalation rates (e).

Discount rate Discount rate (r = 3) [%] Discount rate (r = 3) [%]
Calculation Period Calculation Period 30 Year Calculation Period 30 Year
Investment grant No investment grant Investment grant = 25% of dIC
Declime rate of tech. Price Declime rate of tech. Price = 5% Declime rate of tech. Price = 5%
Feed-in-tariff FiT = 0 FiT = 1 FiT = 0 FiT = 1
Escalation of energy price 1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10% Average
‘Building envelope[Euro]’ 7841 17151 17151 7841 12231 7841 12231 17151 17151 12231 17151 7841 12818
‘Lighting  + appliances [Euro]’ 3030 5670 5670 3030 5670 5670 3030 5670 5670 3030 5670 5670 4790
‘Heat  recovery [Euro]’ 1500 2500 1500 1500 2500 1500 1500 2500 1500 1500 2500 1500 1833
‘Buffering tank [Euro]’ 1799 1838 1799 1799 1838 1909 1838 1838 1799 1838 1838 1799 1828
‘Solar  collecor [Euro]’ 0 0 0 0 0 0 0 0 0 0 0 0 0
‘Photovoltiac [Euro]’ 0 0 0 0 0 0 0 0 0 0 0 0 0
‘Inverter [Euro]’ 0 0 443 0 0 665 0 0 443 0 0 1108 222
‘Heating  System [Euro]’ 13202 11791 17587 13202 12968 26336 12899 11791 17587 12044 11791 42714 16993
Total  investment [Euro]’ 27372 38951 44150 27372 35207 43921 31498 38951 44150 30643 38951 60632 38483
‘dLCC  [Euro/m2]’ −9 −49 −315 −9 −39 −456 −21 −80 −355 −21 −80 −493 −161
‘LCC  [Euro/m2]’ 437 608 893 437 617 752 428 580 857 428 580 719 611
‘IC  [% of LCC]’ 44% 45% 35% 44% 40% 41% 52% 47% 36% 50% 47% 59% 45%
‘PVRC  [%]’ 5% 5% 7% 5% 5% 11% 5% 5% 7% 5% 5% 8% 6%
‘PVMC  + PVSC [%of LCC]’ 8% 6% 15% 8% 6% 19% 7% 6% 16% 7% 6% 20% 10%
‘PVEC  [% of LCC]’ 44% 45% 44% 44% 49% 58% 41% 47% 46% 42% 47% 68% 48%
‘PViG  [% of LCC]’ 0% 0% 0% 0% 0% 0% −4% −5% −4% −3% −5% −9% −3%
‘PVRI  [% of LCC]’ −0,4% −0,4% −0,4% −0,4% −0,4% −0,6% −0,5% −0,4% −0,4% −0,4% −0,4% −0,8% −0,5%
‘PVMG  [% of LCC]’ 0% 0% 0% 0% 0% −29% 0% 0% 0% 0% 0% −46% −6%
‘Operating hours of PHU’ 3637 3265 3661 3637 2756 3932 2908 3265 3661 4103 3265 2505 3383
NPE  (no credit) [kWh/m2]’ 141 96 63 141 107 72 127 96 63 131 96 81 101
NPE  (with credit) [kWh/m2]’ 141 96 47 141 107 39 127 96 47 131 96 31 92

Discount rate Discount rate (r = 1.5) [%] Discount rate (r = 1.5) [%]
Calculation Period Calculation Period 30 Year Calculation Period 30 Year
Investment grant No investment grant Investment grant = 25% of dIC
Declime rate of tech. Price Declime rate of tech. Price = 5% Declime rate of tech. Price = 5%
Feed-in-tariff FiT = 0 FiT = 1 FiT = 0 FiT = 1
Escalation of energy price 1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10% Average
‘Building envelope[Euro]’ 7841 17151 17151 7841 17151 7841 12231 17151 17151 12231 17151 7841 13228
‘Lighting  + appliances [Euro]’ 3030 5670 5670 3030 5670 5670 3030 5670 5670 3030 5670 5670 4790
‘Heat  recovery [Euro]’ 1500 2500 2000 1500 1500 1500 1500 2500 1500 1500 1500 1500 1708
‘Buffering tank [Euro]’ 1838 1838 1799 1838 1799 2176 1838 1838 1799 1838 1799 1767 1847
‘Solar  collecor [Euro]’ 0 0 0 0 0 0 0 0 0 0 0 0 0
‘Photovoltiac [Euro]’ 0 0 0 0 0 0 0 0 0 0 0 5084 424
‘Inverter [Euro]’ 0 0 443 0 443 886 0 0 443 0 443 1538 350
‘Heating  System [Euro]’ 13201 11791 17587 13201 17587 34531 12899 11791 17587 12899 17587 42726 18616
Total  investment [Euro]’ 27410 38951 44650 27410 44150 52605 31498 38951 44150 31498 44150 66126 40962
‘dLCC  [Euro/m2]’ −24 −105 −529 −24 −112 −737 −41 −136 −566 −41 −154 −787 −271
‘LCC  [Euro/m2]’ 500 717 1103 500 711 895 487 689 1069 487 671 848 723
‘IC  [% of LCC]’ 38% 38% 28% 38% 44% 41% 45% 40% 29% 45% 46% 55% 41%
‘PVRC  [%]’ 5% 5% 7% 5% 11% 13% 5% 6% 7% 5% 11% 9% 8%
‘PVMC  + PVSC [%of LCC]’ 9% 6% 15% 9% 24% 21% 8% 6% 16% 8% 25% 29% 15%
‘PVEC  [% of LCC]’ 48% 51% 50% 48% 31% 75% 45% 53% 52% 45% 32% 73% 50%
‘PViG  [% of LCC]’ 0% 0% 0% 0% 0% 0% −3% −4% −4% −3% −6% −9% −2%
‘PVRI  [% of LCC]’ −0,6% −0,5% −0,5% −0,6% −0,8% −1,2% −0,6% −0,5% −0,5% −0,6% −0,8% −1,0% −0,7%
‘PVMG  [% of LCC]’ 0% 0% 0% 0% −9% −48% 0% 0% 0% 0% −9% −56% −10%
‘Operating hours of PHU’ 3618 3265 3452 3618 3661 3259 2908 3265 3661 2908 3661 2550 3319
NPE  (no credit) [kWh/m2]’ 140 96 62 140 63 78 127 96 63 127 62 73 94
NPE  (with credit) [kWh/m2]’ 140 96 47 140 47 32 127 96 47 127 46 22 81
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Fig. 15. Examples of the cost-optimal energy performance level (CO-EPL) versus the escalation rate of energy price (e) assuming: 0%, 3.2% and 8% discount rates (r) for each
subplot; FiT = 0 and FiT = 1 for the left and right hand side subplots, respectively; and iG = 0% of additional investment and iG = 25% of additional investment for the top and
bottom subplots, respectively. Where 30-year calculation period is assumed. Energy credit (100% credit) is given for exporting the surplus energy to the grid.
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ig. 16. Cost-optimal energy performance level (CO-EPL) versus discount rate (r) 

iT  = 1 for the left and right hand side subplots, respectively; and iG = 0% of additio
espectively. Where 30-year calculation period is assumed. Energy credit (100% cre

rice escalation rate (e), the discount rate (r), and then the FiT are

he most influenced financial parameters on the CO-EPL (Table 6).

The sensitivity of the cost-optimal energy performance level
(CO-EPL) to the escalation rate of energy price (e) depends on
ing: 1%, 5% and 10% energy price escalation rates (e) for each subplot; FiT = 0 and
vestment and iG = 25% of additional investment for the top and bottom subplots,

 given for exporting the surplus energy to the grid.

the discount rate (r) as well as the other financial assumptions

(e.g., FiT and iG) as shown in Fig. 13. The CO-EPL decreases
as long as the escalation rate (e) increases. The decline rate
(aCO-EPL/�e = �CO − EPL/�e) ranges from −5 to 13.8 and from −7
to −15.7 kWh/m2a per �e%, where r = 0 and 8%, respectively.
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Fig. 17. Cost-optimal investment (CO-IC) versus escalation rate of energy price (e) assuming: 0%, 3.2% and 8% discount rates (r) for each subplot; FiT = 0 and FiT = 1 for the left
and  right hand side subplots, respectively; and iG = 0% of additional investment and iG = 25% of additional investment for the top and bottom subplots, respectively. Where
30-year calculation period is assumed.

F  and 1
a  iG = 2
3

•

ig. 18. Cost-optimal investment (CO-IC) versus discount rate (r) assuming: 1%, 5%
nd  right hand side subplots, respectively; and iG = 0% of additional investment and
0-year calculation period is assumed.

The sensitivity the cost-optimal energy performance level (CO-

EPL) to the discount rate (r) depends significantly on the energy
price escalation rate (e) as well as the other financial assump-
tions (e.g., FiT and iG),  Fig. 14. The CO-EPL increases as long as
0% energy price escalation rates (e) for each subplot; FiT = 0 and FiT = 1 for the left
5% of additional investment for the top and bottom subplots, respectively. Where

the discount rate decreases. The escalation rate (aCO-EPL/�r = �CO-

EPL/�r) ranges from 1.8 to 12.3 kWh/m2a and from 0.14 to
6.5 kWh/m2a per �r%,  where r > 0 and r ≤ 0, respectively.
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The sensitivity the cost-optimal investment (CO-IC) to the esca-
lation rate of energy price (e) depends on the discount rate (r) as
well as the other financial assumptions (e.g., FiT and iG).  The CO-
IC increases as long as the escalation rate (e) increases, Fig. 15.
The escalation rate (aCO-IC = �CO-IC/�e)  could ranges from 0.6
to 4.4 and from 0.94 to 2.25 kD per �e%, where r = 0 and 8%,
respectively.
The sensitivity the cost-optimal investment (CO-IC)  to the dis-
count rate (r) depends significantly on the energy price escalation
rate as well as the other financial assumptions (e.g., FiT and iG).
The CO-IC decreases as long as the discount rate increases, Fig. 16.
The decline rate (aCO-IC = �CO-IC/�r)  could ranges from −0.83 to
−2.97 kD /�r and from 0.1 to −2.7 kD /�r, where r > 0 and r ≤ 0,
respectively.

. Conclusion

A novel optimization-based parametric analysis scheme is intro-
uced for applying fast and detailed investigation on cost-optimal
owards nZEBs. The reliability of the scheme is demonstrated by
nvestigating a large scale problem (i.e., deign of nZEB where
,965,248,000 design solutions and 4608 economic scenarios are
ossible). to the results show the scheme’s features that include
ime-saving feature of applying computational optimization versus
pplying exhaustive search speeding up the optimization process
y avoiding sophisticated and detailed simulations when is pos-
ible. The outcomes demonstrate that the presented scheme is a
obust tool for taking care of extensive scale cost-optimality inves-
igations.

The introduced scheme can determine the cost-optimal solution
t any financial assumptions with a sufficient accuracy. The results
how that:

The financial parameters which affect the annual operating costs
(e, r, and then the FiT)  are the most influenced ones on the CO-EPL.
The sensitively of the CO-EPL to the e, r, and FiT rates range from
−5.1 to −15.6 kWh/m2a per �e%, from +0.15 to +12.3 kWh/m2a
per �r%, and from −0.1 to −0.5 kWh/m2a per �FiT%  depending
on the other financial assumptions. In average, the CO-EPL ranges
from 90 to 160 [kWh/m2]. The range has most frequent value of
145 kWh/m2.
The investment grant (25% discount of additional investment)
could not be needed as an incentive, if low discount (r ≤ 1.5%)
and/or high escalation (e ≥ 5%) are assumed.
The low r and high e are enough to encourage environmentally-
friendly investments. The FiT could be unattractive incentive, if
high discount rate (r ≥ 1.5%) and/or low escalation rate (e < 5%)
are assumed particularly where no iG is offered.

Finally it is important to mention that EU Member States should
rst set up minimum energy performance thresholds for nZEBs
nd then perform (and update) their cost-optimality calculation
very five years. If the cost-optimal scenarios result on cost-optimal
nergy performance level (CO-EPL) ranges are higher than the min-
mum energy performance thresholds then national governments
hould intervene and provide incentives to lower the (CO-EPL)
anges to meet the minimum energy performance thresholds and
nvironmental targets for nZEBs as shown in Fig. 1. However, many
outhern and Eastern European member states did not define their
ZEBs energy performance requirements for new or existing build-
ngs. As a consequence, the calculation of CO-EPL is not possible and
 many member states encounter high decision uncertainty on the
mpact of Financial Assumptions on the Cost Optimality towards
early Zero Energy in Existing Buildings.

[

dings 153 (2017) 421–438 437

7. Future work

In this study, we  presented the robustness of our optimization-
based parametric analysis scheme (OPtnZEB-I) for analysing the
cost-optimality towards nZEBs. The future work will aim at deter-
mining the most promising nZEB economic drivers (e.g., soft loans,
deduction in technology price, etc.,) for promoting deep building
renovation from property owner and other stakeholder’s points of
views. Dynamic prices as well as dynamic energy conversion fac-
tors will be implemented according to national and international
statistics. The impact of the dynamic behavior on the economic
and ecological results will be compared with the traditional fixed
annual assumption. In order to generalize the results, different
cases will be addressed considering different climates, economic
scenarios, as well as occupant behaviors.
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