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Reducing heat demand of buildings, due to legal and technological advances in the EU, shifts the ratio of
operational vs. embodied energy towards an increasing share of the latter. This leads to a shifting focus
on building materials (embodied) energy use. In this study the relationship between heat demand and
embodied energy use was investigated, using Dutch residential buildings as a case study. The analysis
was performed using the 3SCEP HEB (Center for Climate Change and Sustainable Energy Policy High Ef-
ficiency Buildings) model and a constructed Embodied Energy Database Management System (EEDMS),
containing embodied energy use of materials most common in Dutch residential construction. The re-
sulting embodied energy use in Dutch dwelling archetypes varies from 52 to 106 MJ/(m?-a), annualised
over building lifetimes and 3.0 to 6.4 GJ/m? in total. These values are for the building construction and
exclude recurrent embodied energy and technical installations. For operational energy use the range is
124 to 682 MJ/(m?-a). A total energy use reduction of 36% can be reached in 2050 through 46% reduction
in operational energy use and 35% increase in embodied energy use, compared to 2015. This research
confirms that the relative importance of embodied energy use is increasing: the embodied energy use in
standard homes is about 10-12% of the total energy use, while it is 36-46% in energy efficient homes.
Particularly in light of the goal to reach a maximum global temperature increase of well below 2 °C by
2100, it is important to include embodied energy use in future policy objectives.
© 2018 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

According to Langston and Langston [26], assessing embodied
energy is more complex and time consuming than measuring op-

The operational energy use of buildings, i.e. the energy required
for heating and cooling of buildings [8], leads to about 33% of the
total final energy demand globally and to 30% of the global CO,
emissions related to energy use [60]. Therefore, to reach the tar-
get to limit the increase in global average surface temperature to
well below 2 °C as compared to pre-industrial levels, greenhouse
gas emissions from the built environment should be reduced, es-
pecially since these are identified to have the highest potential
[24]. There have been significant advances in both technologies
and policies to reduce the energy consumption for heating, ac-
counting for the largest share of building energy use in most devel-
oped countries. However, this often leads to an increase in embod-
ied energy use, i.e. the energy consumption required to produce
the building capital [28,47].

* Corresponding author.
E-mail address: w.h.j.graus@uu.nl (W. Crijns-Graus).
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erational energy use. Trusty and Horst [58] used LCA (Life Cycle
Assessment) tools like SimaPro and Athena for energy analysis of
buildings. However, this LCA approach does not provide an easy
way to compare and show the interaction of the different phases
of energy use (construction, operation and demolition phase) in
buildings, because it usually focuses on the aggregated energy
picture.

The embodied energy analyses usually focussed on a specific
country or location. For example, Reddy and Jagadish [62] in-
vestigated embodied energy in buildings in the Indian context.
In this study it was found that by using low-energy intensive
materials and other construction techniques in residential build-
ings, 30-45% reduction in total embodied energy use can be ob-
tained. Takano et al. [55] showed that particularly in low-energy
buildings, embodied energy contributes highly to the building
life cycle energy with contributions up to 46% of total energy
use. Several other studies were done on embodied energy use in
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buildings; Chen et al. [12] investigated the embodied energy use
profile in buildings in Hong Kong and Buchanan & Honey [9] in-
vestigated this for New Zealand. When considering Europe, most
countries seem advanced in increasing the energy efficiency of
buildings compared to countries on other continents. But, when
the identified energy savings potential is examined more closely,
it becomes clear that there is a lack of well-founded data on these
potentials, on European and national level [30]. Especially the im-
pact of different deployment pathways for retrofitting and renew-
ing of building stock on total building lifetime energy use on a
country level is missing. This study therefore aims to analyse the
relationship between operational energy and embodied energy use
in residential buildings in a scenario context. This gives informa-
tion for policy makers on the total impact of building renova-
tion and renewal instead of only the impact on operational en-
ergy use. As a case study in this research the analysis is per-
formed for residential buildings in the Netherlands in the period
up to 2050. Building regulations in the Netherlands date back to
1901, when the Housing Act was adopted [53]. This Act was ex-
tended in 1993 with the Building Decree with national minimum
requirements for the energy performance of new buildings mea-
sured by the Energy Performance Coefficient (EPC) [37]. By intro-
ducing the EPC, the responsibility of choosing energy efficiency
measures to realise a particular energy performance in a build-
ing, shifted towards the construction industry. This means that
buildings can be built with the materials the developer prefers,
as long as it meets the requirements given in the Dutch building
regulations. The developer is also obligated to include an environ-
mental performance calculation of every newly supplied building
(De Klijn-Chevalerias and Javed, 2017). This calculation is meant
to stimulate the developer to use sustainable construction mate-
rials, but does not enforce any restriction on the amount of em-
bodied energy used in the construction materials. The assessment
of the trade-off between operational energy use and embodied en-
ergy use will allow decision makers to take a step towards opti-
misation of the performance of Dutch residential buildings by tak-
ing into account the relevance of the choice of construction ma-
terials. This will on its turn, contribute to the reduction of en-
ergy related CO, emissions [51]. This assessment can also be used
as an example for other countries to map their embodied energy
use.

Embodied energy in this research is defined as the initial en-
ergy required to produce the building materials plus transport en-
ergy required to transport the materials to the construction site.
The initial embodied energy depends on the material choice in
the building and the manufacturing processes that were needed
to produce the material (cradle to gate energy). Also, energy that
is directly associated with the construction process, like the trans-
port of materials to the factory site, is included in the embod-
ied energy [49,50]. The transport energy is defined as the aver-
age primary energy necessary to transport the building materials
from factory gate to construction site. In this research, demoli-
tion energy (energy necessary to demolish a building at the end
of its lifetime) is excluded because this energy is not directly in-
fluenced by material choice. Furthermore the demolition stage in-
cludes a lot of uncertainties with regard to the fate of a build-
ing in the future [48]. According to Crowther [15] and Stephan,
Crawford, and de Myttenaere [51] the energy required for demo-
lition, represents however only about 1% of the total life cycle en-
ergy of the building. Recurrent energy (energy that applies to the
embodied energy of components of the building with a shorter
lifetime than the lifetime of the building) is also excluded since
it is susceptible to consumer preferences. This makes it difficult
to include in an overview of average embodied energy use (see
Section 4 “discussion of uncertainties”, for possible impacts on
results).

2. Method

The research method is based on the joint application of
two tools: the Embodied Energy Database Management System
(EEDMS) and the 3SCEP HEB model.

The Embodied Energy Database Management System (EEDMS)
was developed in this study to analyse the embodied energy use in
the Dutch residential sector based on 23 materials most commonly
used in Dutch residential construction. The tool includes mate-
rial volumes and material energy intensities for 25 Dutch building
archetypes.

The 3SCEP HEB model was developed by the Center for Climate
Change and Sustainable Energy Policy (3SCEP) to perform a policy-
based scenario analysis concerning the global potential of reduc-
ing operational energy use and associated greenhouse gas emis-
sions by high efficiency buildings (HEB). This analysis started un-
der guidance of the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change (IPCC) and was extended in co-
operation with the Global Buildings Performance Network (GBPN)
in 2011 and 2012 [61]. This model simulates the development of
the world’s building stock and related operational energy use. The
building stock is broken down by regions, climate zones, building
types and building vintages.

The 3SCEP HEB model is used to model the development of the
Dutch building stock development in floor area from 2015 to 2050.
These outcomes are used as input in the EEDMS to calculate total
embodied and operational energy use from 2015 to 2050.

The method consists of three steps, which are further described
in the subsections below:

1. Identifying buildings archetypes for the key Dutch building ty-
pologies and their operational energy use (Section 2.1)

2. Data collection of average material composition in building
archetypes and corresponding embodied energy intensities to
calculate embodied energy use (Section 2.2)

3. Modelling floor areas for different scenarios with the 3SCEP
HEB model (Section 2.3)

2.1. Building archetypes and operational energy use

All residential buildings in the Dutch residential stock are cat-
egorised into 25 building archetypes on the basis of two factors:
building types and building vintages. Five types of buildings are
distinguished that occur most in the Netherlands in 2015 [10]:
mid-terrace, end-of-terrace, detached, semi-detached and apart-
ments.

The vintages are based on the construction period and their
specific energy performance due to building regulations:

+ The standard (conventional) vintage category includes dwellings
built before 2015. These are based on a selection of build-
ing archetypes that are most common in the Netherlands. The
dwelling archetypes are built in the period 1965-1974, which
reflects the average age of the current building stock and the
energy use that is representative for the building regulations
in that period [2]. The selected archetypes together account for
nearly 20% of the total dwellings in the Netherlands in 2015
(see Table 1).

- The New vintage represents an average home that is built ac-

cording to building regulations set in 2015.

Advanced new represents a building built from 2015 in line with

the requirements of a nearly-Zero Energy Building (nZEB) stan-

dard. A nZEB is a building with a low energy demand which
can largely be met by renewable energy sources at the same

location or nearby (European Parliament & EU Council, 2010).

In this research this is represented by a passive home (PH),

which is a concept to define a nZEB according to the Passive
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Table 1
Archetypes for dwellings and floor area per type and vintage in m?.

Share of building Floor area (m?)"
archetype in total

dwellings in 2015°

New and
advanced new

Standard, retrofit
and advanced

retrofit
Mid-terrace 6.0% 106 124
End-of-terrace 3.0% 106 124
Detached 1.8% 144 170
Semi-detached  2.1% 123 148
Apartment 4.3% 76.7 91.9

References:
2 Agentschap NL [2]
b RVO (2011) and RVO (2015)

Table 2
Thermal resistance of construction U-values (W/(m?.K)) of the five vin-
tages [2,38-42,44,5].

Ground floor  Roof  Facade  Windows
Standard 5.9 12 23 53
New 0.29 0.17 0.22 13
Retrofit 0.40 050 0.77 2.2
Advanced New 0.15 0.10 0.10 0.80
Advanced Retrofit  0.15 0.10 0.10 0.80

House Institute (PHI, 2015). A passive home is built according to
a certain level of minimum insulation necessary to reach pas-
sive home standards. Note that the optimal insulation level still
leaves room for interpretation, depending on social and eco-
nomic optima [34], see Section 4 “discussion of uncertainties”.
The Retrofit vintage represents all standard buildings converted
to a more energy efficient home according to standard renova-
tion requirements of the Netherlands Enterprise Agency (RVO)
in 2015.

Advanced Retrofit represents a standard building that is reno-
vated according to the passive home requirements.

Table 1 shows the average floor area of the houses per type and
vintage.

Table 2 shows the thermal resistance of construction compo-
nents, i.e. U-values that correspond with a particular energy per-
formance level of the vintages included in this study.

The operational energy use (in M]J/a) is based on the required
heating and cooling demand in Dutch residential buildings ob-
tained from the TABULA web tool [23]. For the Netherlands this
data is collected by TU Delft [59]. Since cooling is hardly necessary
in the Netherlands, the collection only includes heating demand.
Cooling is likely to increase in importance in the future due to cli-
mate change, but there is no insight in when cooling will make up
a susceptible amount of the operational energy use.

2.2. Calculation of and data collection for embodied and operational
energy demand

2.2.1. Material composition

The Dutch Green Building Council [18] (2016) Materialentool
3.01 is used to determine the basic material characteristics of the
building types and vintages. The DGBC tool provides data of the
building structure, facade, inner walls, floors, roof, technical instal-
lations and interior design for the detached and mid-terrace build-
ing types built since 2015. The output is a series of materials, their
surface areas and sometimes other characteristics (thickness and
R-values). Based on these building types, also assumptions were
made for the end-of-terrace, semi-detached and apartment build-
ing types.

Additional data with regard to material usage was obtained
from the website of the knowledge institute for construction, SBR-

CURnet. This source provides details of standards for building com-
ponents used in the Dutch construction industry. The SBR refer-
ence details include drawings of the structure, U-values, types and
thickness of materials of the building components [45]. Depend-
ing on the U-values of the vintages (see Table 2) appropriate SBR
reference details were selected for the estimation of the material
usage.

Table 3 shows the most important assumptions derived from
the SBR reference details and other literature, internet and inter-
view sources. The specific SBR reference details that were used in
this research can be found in the appendix. Note that material use
of technical installations like heating equipment and ventilation
system of the building are not considered in this material assess-
ment.

To calculate the material volumes for every building represen-
tative, the material surfaces were multiplied with the correspond-
ing thickness, and summed per type. This data is processed in the
EEDMS, which contains the material characteristics (material type,
surface, thickness, and volume) for every building archetype within
the categories structure, facade, inside walls, floors and roof. The
embodied energy inventory of the retrofit and advanced retrofit
archetypes includes the materials used for the retrofit, and the ma-
terials that were already present before retrofitting.

2.2.2. Embodied energy

To get the initial embodied energy intensities, the inventory
of carbon and energy (ICE) [14] was used. This database contains
estimates of embodied energy intensities of about 200 materials,
where the intensities are determined from cradle to gate. The def-
inition of cradle to gate is ‘All activities starting with the extraction
of materials from the earth (the cradle), their transportation, refin-
ing, processing and fabrication activities until the material or prod-
uct is ready to leave the factory gate’ [13]. The intensities are given
in MJ/kg, thus multiplying it with the corresponding material den-
sity in kg/m3 gives the initial embodied energy intensity (IEEI) in
M]/m3. For all materials the standard IEEI is used, but the mini-
mum and maximum values are also included in Table 4. For most
materials the range is quite big, illustrating the uncertainty is this
data (see Section 4 “discussion of uncertainties”).

Transport energy from the factory gate to the construction site
in the Netherlands is estimated using Eqs. (1) and (2):

TEEI(@)
kg
(avg fuel use( L) = avgtransport distance (km)) « energy content fuel (*)
- avgload (kg)

(1)

WA TEEI building material (%)

= (TEEI road transport (%{) * share transported by truck)

+ (TEEI ship transport (%{) x share transported by ship)
(2)

The transport embodied energy intensity (TEEI) is calculated for
road and ship transport in the Netherlands separately by using
Eq. (1). The average fuel used by trucks in the Netherlands is
diesel, with an average usage of 0.32 l/km [25]. The average trans-
port distance by truck estimated for an average building material
in the Netherlands, including import from other countries, is 96 km
[6]. The energy content of diesel is 36 MJ/l [8]. The maximum av-
erage truck load is 40 tonnes [33]. This leads to a TEEI of road
transport in the Netherlands of 0.028 M]/kg. The fuel used in ma-
terial transport by ship is also diesel. Specific diesel oil usage of an
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Table 3

Assumptions on materials used for the different vintages based on SBR reference details [45] unless stated otherwise.

Standard New Retrofit Advanced new Advanced retrofit
Foundation structure Poles Concrete Wood? Concrete Wood Concrete
Floor type ‘Kwaaitaal®’ Hollow core slab ‘Kwaaitaal’ Hollow core slab cantilevered  ‘Kwaaitaal’ cantilevered

cantilevered?®
No insulation

cantilevered“d
Cantilevered floor  No insulation®
insulation
Gypsum®< Aerated concrete?
No insulation®

Internal walls

Fagade structure Wall insulation

Doors & window  Softwood® Aluminium?®
frames
Ground floor Insulation No insulation® EPS of 120 mm thick
Roof Insulation No insulation® MW of 270 mm thick

MW of 140 mm thick

cantilevered
No insulation EPS box (thickness 100 mm
surrounding the floor from 4

sides)

EPS of 240 mm thick

Gypsum Aerated concrete Gypsum
MW of 50 mm WEF of 20 mm thick, and MW of MW of 300 mm thick
thick 400 mm thick
Softwood Aluminium doors & frames?, Softwood
doors insulated with PUR of
30mm thick
PUR foam of XPS of 180 mm thick MW wool of 240 mm
100 mm thick thick
MW of 100 mm PUR of 275 mm thick PUR of 275 mm thick
thick

Abbreviations: EPS is expanded polystyrene, MW is mineral wool, WF is wood fibreboard, PUR is polyurethane foam and XPS is extruded polystyrene. References:

2 DGBC material tool [18],

b Rotterdam Municipality [35],

¢ p.c. Broekhuizen, H. (29-09-2016),
d Liebregts & Persoon [27],

¢ Agentschap NL [2],

# Precast reinforced concrete.

Table 4

Most common Dutch residential building materials, their labels, initial embodied energy intensity (IEEI), embodied energy intensity (EEI) and den-

sity; sorted by IEEI from high to low.

Material name Label ~ Minimum IEEI (MJ/kg)  Standard IEEI (MJ/kg) = Maximum IEEI (MJ/kg)  EEI (MJ/kg)  Density (kg/m3)
Aluminium Al 58.0 108.6 184.0 108.7 2700
Polyurethane foam PUR 711 101.5 132.0 101.6 45
Expanded polystyrene  EPS 62.0 88.6 115.2 88.7 275
Extruded polystyrene XPS 61.2 874 113.6 875 375
Polyvinylchloride PVC 47.3 67.5 87.8 67.6 1380
Zinc Zi 8.5 53.1 105.8 53.2 7000
Bitumen Bi 2.4 51.0 51.0 511 2400
Mineral wool MW 10.0 16.6 23.2 16.7 140
Wood fibre WF 15.0 16.0 35.0 16.1 750
Plywood Pl 10.0 15.0 20.0 15.1 540
Primary glass PG 10.5 15.0 19.5 15.1 2500
Ceramics Ce 2.5 12.0 19.5 121 2000
Hardwood HW 0.72 10.4 16.0 10.5 750
Softwood SW 0.72 74 13.0 75 560
Argon Ar 6.80 6.8 6.80 6.9 1.66
Aerated concrete AC 1.97 35 4.76 3.6 750
Gypsum plaster Gy 0.90 348 8.64 3.6 1120
Brick, clay Br 1.00 3.0 5.00 3.1 1700
Reinforced concrete RC 1.76 2.07 2.20 215 2300
Precast concrete PC 1.20 1.27 3.80 135 2200
Sand cement SC 0.54 0.99 1.28 1.07 2200
Gravel Gr 0.01 0.01 0.50 0.16 2240
Sand Sa 0.01 0.01 0.15 0.014 2240

inland ship is 6500 l/km [3]. The average transport distance for
average freight (average building material was unfortunately not
available) in the Netherlands by ship, including import from other
countries, is 123km [6]. The average maximum ship load in the
Netherlands is 1200 tonnes [21]. This leads to a TEEI of ship trans-
port in the Netherlands of 0.21 MJ/kg. Eq. (2) is used to calculate
the weighted average transport embodied energy intensity (WA-
TEEI) per unit of building material. In the Netherlands, the share
of building materials transported by truck is 72% and by ship is
28% [6]. This leads to a WATEEI of 0.08 MJ/kg for every material.

Table 4 shows the density, IEEI, and the total embodied energy
intensity (EEI, i.e. IEEI plus WATEEI) for 23 materials most often
used in the Netherlands. The table is sorted by EEI: from highest
intensity to lowest. For most materials including the transport en-
ergy only increases the EEI with a very small amount.

Eq. (3) is used to sum the embodied energy use (EEU) outcomes
for every material that occurs in a building representative. x stands
for one of the 23 materials shown in Table 4.

EEU building representative (MJ)
M] . . kg
= Z <EEI"<I<g> * density materzalx<m3> (3)

* volume materialy (m3)>

In order to compare building archetypes, the EEUs are divided
by the corresponding user surface areas (Table 1) which leads to
the specific EEUs in MJ/m2. Thereafter the EEU is divided by the
building lifetime to be able to compare the values to operational
energy in MJ/(m?2-a). The building stock in the Netherlands is con-
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tinuously changing: some buildings are demolished, but others are
renovated and adapted to foresee in new needs of the population.
Statistics show that on average, 97% of the residential buildings
reach a lifetime of 50 years, 77% a lifetime of 75 years and 57% a
lifetime of 100 years [46]. However, when differentiating between
single family (SF) and multi-family (MF, i.e. apartments) homes,
only 30% of the MF homes reach a lifetime of 100 years, while
this is 80% in SF homes. Taking a weighted average of the building
lifetime based on these lifetime statistics leads to an average life-
time of SF homes of 73.3 years, and for MF homes of 66.8 years.
Furthermore, a distinction is made between retrofitted and non-
retrofitted homes. A simple renovation often increases the lifetime
with 15 years [56]. Therefore, the lifetimes included in the EEDMS
are for retrofit and advanced retrofit SF and MF homes, 73.3 and
66.8 years, respectively, and for standard, new and advanced new
SF and MF homes 58.3 (73.3-15) and 51.8 (66.8-15) years, respec-
tively.

2.3. Scenarios

In the 3SCEP HEB model scenarios are defined to estimate the
development of floor area per building type. The starting points of
these scenarios are the floor areas in 2015, population projections,
and policy initiatives. Two scenarios are defined: a frozen efficiency
and an improved efficiency scenario. Both scenarios are based on:

+ a population growth of 7% in 2050, compared to 2015 (based
on CBS, 2017 and Ministry of Internal Affairs and Kingdom re-
lations, 2016),

a demolition rate (percentage of existing homes that are de-
molished every year) of 0.16% (Ministry of Internal Affairs and
Kingdom relations, 2016),

a new construction rate (percentage of existing homes that are
newly constructed every year) of 0.64% (Ministry of Internal Af-
fairs and Kingdom relations, 2016),

a constant shares of dwelling types (34.9% MF, 17.4% ET, 10.5%
D, 12.2% SD and 25.0% A, see Table 1).

The frozen efficiency scenario assumes retrofit rates (the per-
centage of existing homes that are renovated every year compared
to total building stock) remain stable (at 1.4%/a) [60] and only the
vintages “new” and “retrofit” are included in this scenario.

The improved efficiency scenario is based on the Energy Building
Performance Directive (EBPD), which was established in 2010 by
the European Parliament and the Council of the European Union
to reduce building energy consumption. This directive aims to in-
crease the energy efficiency of buildings in the EU with 20% in
2020. Furthermore, all new residential buildings should be nZEB'’s
by December 31st in 2020. To reach the goals of the EBPD, an ac-
celerated renovation rate from 1.4% to 1.9% per annum (of which
0.7%/a for retrofit and 1.2%/a for advanced retrofit) is assumed in
the improved efficiency scenario [60]. Furthermore, all new build-
ings, starting in 2020 are of the type advanced new. The resulting
floor area’s per dwelling are presented in Table 5.

3. Results
3.1. Embodied energy use

Fig. 1 shows the specific annual EEU per building archetype in
M]/(m?2-a), which varies from 52 to 106 MJ/(m?-a). It is mostly the
highest for the advanced new vintage and the lowest for retrofit.
When comparing building types: apartments have the lowest spe-
cific EEU and mid-terraced homes the highest mainly caused by
the reinforcements of their walls. The total EEU (not annualised
over the building lifetime) varies from 232 to 1042 GJ and from 3
to 6.4 GJ/m?2.

Table 5
Total floor area per dwelling archetype in 2015 and 2050 (in million m?).

2015 Frozen efficiency Improved efficiency
scenario 2050 scenario 2050
Million m?

MT.st 40.5 13.5 4.0
MT.new - 133 1.8
MT.ret 75 329 20.5
MT.anew - - 11.2
MT.aret - - 222
ET.st 20.2 6.7 2.0
ET.new - 6.6 0.9
ET.ret 3.8 16.4 10.2
ET.anew - - 5.6
ET.aret - - 111
D.st 121 4.0 12
D.new - 4.0 0.5
D.ret 23 9.9 6.1
D.anew - - 34
D.aret - - 6.7
SD.st 14.2 4.7 14
SD.new - 4.6 0.6
SD.ret 2.6 115 72
SD.anew - - 3.9
SD.aret - - 7.8
Aust 29.0 9.7 2.8
A.new - 9.5 13
A.ret 5.4 23.6 14.7
A.anew - - 8.0
A.aret - - 15.9
Total 137.6 170.9 170.9

Note: MT =mid-terrace, SD=semi-detached, ET=end-of-terrace, D =detached,
st = standard, ret = retrofit, anew = advance new, aret =advance retrofit.

The order of magnitude for embodied energy use in the build-
ing archetypes can be explained by the material choice, mate-
rial volumes, the specific embodied energy intensities of these
materials and building life time. Fig. 2 shows an overview of
the contribution of the materials in percentages. It displays the
twelve materials that have the highest share in the embodied en-
ergy use: precast concrete (PC), reinforced concrete (RC), softwood
(SW), polyurethane insulation (PUR), aluminium (Al), mineral wool
(MW), clay brick (Br), plywood (Pl), gypsum (Gy), bitumen (Bi),
primary glass (PG) and sand cement (SC). Table 6 shows mate-
rial intensities and volumes in m3 of all 23 materials, for the three
building types: mid-terrace, detached and apartments, since these
three building types differ most significantly. The data is ordered
by the material with the highest volume on average in the build-
ing archetypes to the lowest.

3.1.1. Results by building types

For most of the building types precast concrete is the most im-
portant contributor to embodied energy use (EEU), and reinforced
concrete is of second importance, with 27% and 21% on average re-
spectively (see Fig. 2). In all building types except apartments, soft-
wood is third in ranking mainly caused by the relatively large vol-
ume used. In apartments instead of ply- and softwood more bitu-
men and sand cement is used because of the flat roofs. These con-
sist of concrete, bitumen and gravel, while an (partially) inclined
roof also consist of ply- and softwood.

When comparing the mid-terrace building type with highest
specific EEU and the apartment type with lowest, the main dif-
ferences are found in the EEU shares of softwood, PUR, plywood
and bitumen. In mid-terrace homes these shares are on average,
respectively, 9.3%, 10.4%, 5.1%, and 3%, while in apartments, these
are, respectively 0.3%, 4.3%, 2.7% and 8%. Even though bitumen
has a high EEI (123 GJ/m3) and a relatively high volume in apart-
ments, the higher volumes of the other materials in mid-terraced
homes (and in the other building types) are predominant and lead
to higher embodied energy use.
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3.1.2. Results by vintages

In the standard vintage, the building materials gypsum, clay
brick and sand cement play an important role. When gypsum is
present in the vintage (standard, retrofit and advanced retrofit) this
material is a large contributor to the embodied energy use. Inter-
estingly aerated concrete-the replacement of gypsum in the new
and advanced new vintage-did not appear in Fig. 2. The reason for
this is the lower EEI of aerated concrete (2.68 GJ/m3) compared to
gypsum (3.99 GJ/m?3). The standard vintage has a lower embodied
energy use compared to the new vintage due to three reasons:

1. This vintage has the least amount of materials, mainly due to
the lack of insulation.

2. The new vintage uses aluminium for the window frames
and facade doors, which is a high energy intensive material
(293 GJ/m3) compared to softwood (4.19 GJ/m3) used for the
same purposes in the standard vintage.

3. The foundation poles in the new vintage consist of hardwood
with an EEI of 7.86 GJ/m?3, whilst these poles consist of precast
concrete with a lower intensity of 2.97 GJ/m?3 in the standard
vintage.

The retrofit vintage consists of the same materials and volumes
as the standard vintage, but with new additional materials to in-
crease the energy efficiency of the home, e.g. single glass is re-
placed by HR glass, which leads to a higher primary glass vol-
ume. Remarkable is that primary glass in the detached retrofit
home is a larger contributor than PUR, which is the other way
around in the other building archetypes. This is because detached
homes have a relatively higher window surface. A retrofit home
is additionally insulated with mineral wool and PUR. When PUR
is present in the building vintage (retrofit, advanced new and ad-
vanced retrofit) it is usually an important contributor, as shown in
Fig. 2. This is mainly caused by the large volume used of this ma-
terial. Table 6 shows that particularly the amount of PUR is huge
in the advanced retrofit and new vintages.

The advanced new vintage has the highest specific embod-
ied energy use (MJ/(m?2-a)) relative to the others. PUR is incor-
porated in the roof and used as door insulation (which none of
the other vintages have). The floor is insulated with XPS (with a
EEI of 3.28 GJ/m3), which is more energy intensive than mineral
wool or EPS. Furthermore, the facade structure is completely dif-
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239

The 23 materials most used in Dutch residential construction, their embodied energy intensities (EEI) in GJ/m> and the volumes present of these materials in the building
archetypes in m3, ordered by volume. (MT: mid-terrace, SD: semi-detached, ET: end-of-terrace, D: detached, st: standard, ret: retrofit, anew: advance new, aret: advance

retrofit).
Volume in m?
Material Embodied energy MT.st MT.new MTret MTanew MTaret D.st D.new D.oet D.anew D.aret A.st Anew Aret A.anew A.aret
intensity (GJ/m?)

PC 2.97 442 502 448 45.7 448 737 833 73.7 70.5 73.7 213 34.8 30.0 315 30.0
Sa 0.20 343 402 343 41.2 343 490 577 490 577 49.0 21.8 26.1 21.8 26.1 21.8
RC 494 311 36.5 311 36.5 311 214 25.1 214 25.1 214 12.3 12.6 12.3 12.6 12.3
MW 234 28.2 8.85 17.9 22.6 46.0 15.4 50.7 4.66 235 132 9.14
PUR 457 4,57 224 19.0 6.54 287 272 3.07 0.31 3.25 2.62
sw 419 125 14.4 134 14.4 12.5 18.2 20.8 18.2 20.8 18.2 0.17 0.17 0.17
SC 2.35 827  9.69 8.27 9.69 8.27 11.8 139 11.8 13.9 11.8 412 491 412 491 412
XPS 3.28 9.64 13.9 0.67

AC 2.68 6.36 6.36 9.14 9.14 334 334

EPS 244 6.43 3.57 1.83 9.23 513 2.61 0.45 0.58 1.16
GY 3.99 5.42 5.42 5.42 7.76 7.76 7.76 3.34 3.34 334
Br 5.24 386 453 0.99 0.86 3.86 109 12.8 109 244 109 279 333 279 0.63 2.79
Pl 8.14 347 436 2.70 3.45 3.47 489 611 489 611 4.89 0.83 116 083 116 0.83
HW 7.86 1.65 1.65 2.56 2.56 1.07 1.07

WF 12.1 091 2.56 0.67

Gr 0.36 038 045 0.38 0.45 0.38 054 0.64 054  0.64 0.54 048  0.57 048  0.57 0.48
Ce 24.2 038 044 0.38 0.44 0.38 054 0.64 054 0.64 0.54 020 024 020 024 0.20
Zi 372 027 032 0.27 0.32 0.27 0.03 0.04 0.03 0.04 0.03 0.00 0.01 0.00 0.01 0.00
Al 293 0.30 0.17 0.30 0.18 0.25 0.13

Ar 0.01 0.18 0.16 0.72 0.61 0.11 0.10
Bi 123 0.14 0.16 0.14 0.16 0.14 020 0.23 020 023 0.20 017 0.20 0.17 0.20 0.17
PG 377 0.10 0.13 0.22 0.13 0.22 0.41 0.53 086 0.53 0.86 0.06 0.08 0.13 0.08 0.13
PVC 93.3 0.004 0.004 0.004 0.004 0.004 0.005 0.006 0.005 0.006 0.005 0.001 0.001 0.001 0.001 0.001

ferent compared to the other vintages; it consists of mineral wool
of 400 mm thick and wood fibreboard. Even though mineral wool
is less energy intensive than the traditionally used clay brick (EEI
of 5.24 GJ/m3) and precast concrete (EEI of 2.97 GJ/m?3), the high
volume amount of mineral wool, together with medium intensive
wood fibreboard (EEI 12.06 GJ/m?3) lead to a higher embodied en-
ergy use of the building facade.

Considering the fact that the low specific embodied energy use
in MJ/(m2-a) in retrofitted homes is caused by the higher lifetime
of these buildings compared to non-retrofitted homes, standard
homes have in absolute sense the lowest embodied energy use.
The reasons are mainly the absence of insulation materials and
aluminium.

3.2. Operational energy use

The specific heat demand of the building archetypes is shown
in Fig. 3. It is sorted from highest (682M]/(m?2-a)) for standard
houses to lowest (124MJ/(m?-a)) for advanced new houses. In
terms of building types, detached homes have the highest specific
energy use while apartments have the lowest. The volume that
needs to be heated and the sharing of walls play a role here.

3.3. Total energy use

Fig. 4 shows the specific embodied energy use plus operational
energy use for the building types and vintages, varying from 193
to 758 MJ/(m2-a). The embodied energy use in standard homes is
about 10-12% of the total energy use. These shares are 15-18% for
retrofit homes, 29-34% for new dwellings, 31-35% for advanced
retrofit and 31-46% for advanced new. This clearly shows the im-
pact of more insulating materials used and the increasing impor-
tance of embodied energy use. However in absolute sense the (ad-
vanced) new and retrofit dwellings show a strong reduction in to-
tal energy use compared to standard dwellings up to 63-66%, de-
pending on type.

Fig. 5 shows the development of the total energy use of the
selected residential buildings in the Netherlands, in the frozen effi-
ciency scenario. These account for about 20% of total residential
buildings. A reduction in annual energy use is visible of 13% in
2050 compared to 2015 level, due to an increase of retrofit and
new dwellings. The total change is small, which makes sense, be-
cause the frozen efficiency scenario does not include any (future)
policy actions. The standard vintage determines the largest part of
the total energy use in the first few years. Towards the end, the
largest share of the standard buildings is retrofitted. The share of
EEU in total energy use increases from 12% in 2015 to 17% in 2050;
mainly caused by the increasing shares of new and retrofit homes.

Fig. 6 shows a total decrease in energy use between 2015 and
2050 of 36% in the improved efficiency scenario, which is much
more significant than in the frozen efficiency scenario. The share
of embodied energy in total energy use increases from 12% in 2015
to 24% in 2050, mainly caused by increasing advanced new and
retrofit homes.

4. Discussion of uncertainties

Even though the assumptions and data used in this research are
chosen as carefully as possible, there are a number of uncertain-
ties. The most important ones are discussed below.

4.1. Recurrent embodied energy use and technical installations

When defining the embodied energy use, it is chosen to exclude
recurrent energy, which applies to the embodied energy of compo-
nents with a shorter lifetime than the building itself. In our defi-
nition this includes technical installations and energy supply tech-
nologies such as PV. These have typically shorter lifetimes and are
susceptible to consumer preferences and changes in the course of
the building lifetime. Studies have found that recurrent energy is
typically 20-30% of the initial embodied energy over an assessed
building lifetime of 30-50 years ([49,57] and [16]), but some stud-
ies find values up to 60% [32]. When we add 30% to embodied
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energy use to account for recurrent energy, the embodied energy
increases from 3.0-6.4 GJ/m?2 to 3.9-8.4 GJ/m? and annual embod-
ied energy from 52-106 MJ/(m?-a) to 68-137 M]/(m?-a). The ratio of
embodied energy in total energy use increases from 17% to 21%
in 2050 in the frozen efficiency scenario and from 24% to 30% in
the improved efficiency scenario. The energy savings in 2050 com-
pared to 2015 reduce from 36% to 34% when recurrent energy is
taken into account. Although embodied energy increases in impor-
tance in the ratio and absolute figures, the relative results in terms
of changes over time and differences between building archetypes
remain still valid.

Besides the impact of energy supply technologies on the recur-
rent embodied energy use, these can also impact the embodied en-
ergy use of materials by influencing the energy needed to produce
them. Rovers [36] indicates that the embodied energy use of aver-
age contemporary housing is around 5 GJ/m? floor area while with
renewable and biobased materials this can go down to 3 GJ/m?2 or
lower.

4.2. Embodied energy intensities

Another uncertainty concerns the embodied energy intensities
of the materials. We used cradle to gate energy use for material
production from the ICE (Inventory of Carbon and Energy) database
[14]. A sensitivity analysis showed a deviation range of —32.5% to
+78.4% for the embodied energy use, which is quite high. This was
based on the lowest and highest values in the database for ini-
tial embodied energy intensity of the 23 materials (see Table 4).
The deviation is partly a result of the difference between virgin
and recycled materials. To get more precise numbers, the actual
degree of recycling and reuse of every material should be known,
because producing virgin materials leads often to higher embod-
ied energy intensity than when producing recycled and/or reused
materials. However, recycling is also responsible for other (energy)
impacts related to transportation and re-processing which may
lead to more energy spent than avoided [7]. In this paper, bene-
fits and burdens of recycling parts of the dwellings at the end of
their life time (module D impacts) are not included.

Furthermore, future embodied energy intensity can be lower
due to technological progress, which is not taken into account in
this research. Also, the sample size of the embodied energy inten-
sities in the ICE database differed in some cases which undermines
the reliability of this data. For the calculation of transport inten-
sity rough numbers were used. Although transport energy was es-

timated to be low compared to energy used during material man-
ufacturing, future studies can more accurately assess the transport
energy use part.

Another uncertainty relates to the lifecycle approach used. The
ICE database contains data from different sources that do not al-
ways use consistent system boundaries. In general one can dis-
tinguish between three types of general techniques: process-based
(bottom-up), input-output (topdown) and hybrid. The values in the
ICE database are mostly process-based. An advantage this approach
is more detail and deeper understanding of the nature of activities
on product level [29]. However process analyses do not consider
environmental impacts associated with inputs and outputs located
outside of the system boundaries. The selection of system bound-
aries and the exclusion from the inventory of certain processes can
be difficult because these have never been assessed and therefore
their negligibility cannot be guaranteed [52]. This is typically re-
ferred to as the ‘truncation error’ which can underestimate require-
ments (see e.g. [29,54] and [16]). In this regard input-output based
inventories have the advantage to be more comprehensive with a
more complete system boundary, since they are based on data for
the whole economy. But the major drawback of this approach is
that they are generally used as a ‘black box’, with little understand-
ing of the values being assumed in the model for each process
[16]. Hybrid approaches that combine process-based and input-
output data are therefore in theory superior to both methods but
have yet to enter mainstream practice [29]. Since this study uses
process-based data the embodied energy use may be lower than
in reality. For instance, Crawford and Stephan [17] have shown that
input-output-based hybrid analysis can produce embodied energy
up to four times higher than process analysis, for the same build-
ing. Higher embodied energy values would not impact the com-
parative outcomes of this study in terms of the trends over time
or differences between archetypes, but would increase the ratio of
embodied energy to operational energy. It should be noted though
that also the operational energy use is not all inclusive in terms
of related lifecycle energy use. Only direct energy consumption is
taken into account for heating and not the energy use related to
e.g. the production and transport of the fuel.

4.3. Building lifetime

The assumptions regarding the lifetime of buildings for the em-
bodied energy use calculation are also uncertain. Furthermore they
do not reflect the actual energy use in time, since the embodied
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Table 7

Results with and without annualising embodied energy use over the lifetime of the building.
Results 2050 frozen efficiency 2050 improved efficiency
EEU annualised over lifetime Total energy savings compared to 2015 13% 36%
EEU not annualised over lifetime 9% 33%

EEU annualised over lifetime Embodied energy use in total energy use 17% (57% standard, 34% retrofit,
8% new dwellings)
10% (16% retrofit and 84% new

dwellings)

24% (38% advanced retrofit, 29% retrofit, 24%
advanced new, 6% standard, 4% new)

19% (63% advanced new, 31% advanced retrofit
and 6% retrofit)

EEU not annualised over lifetime

energy of the standard dwellings has already occurred in the past.
Therefore we include Figs. 7 and 8 to show the developments of
the frozen and improved efficiency scenario if the embodied en-
ergy use is not annualised over the lifetime of the dwellings but
is based on the newly constructed or retrofitted houses in that
year. For retrofit houses only the incremental embodied energy
use is included for the newly added materials such as window
glass and insulation materials. The results change as follows (see
Table 7): energy savings in the frozen efficiency scenario reduce
from 13% to 9% in 2050 and from 36% to 33% in the improved ef-

ficiency, in comparison to 2015. The share of embodied energy in
total energy use reduces from 17% to 10% in 2050 in the frozen
efficiency scenario and from 24% to 19% in the proved efficiency
scenario.

The exact numbers and contribution of types of houses is differ-
ent, but the overall conclusion holds regarding the increasing im-
portance of embodied energy use. Note that in absolute sense the
total energy use for the years 2020 and 2025 is somewhat higher
in the improved efficiency scenario due to the higher embodied
energy use of efficient houses.
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4.4. Insulation levels

Another uncertainty rises from the insulation levels applied. We
used the insulation levels for a passive home for nZEB (PHI, 2015).
The configuration of a passive home and related amount and type
of insulation materials used are however not necessarily optimal
in terms of environmental impacts (see [34]). Taking into account
multiple environmental impacts factors therefore may change the
optimal insulation level and related embodied energy results.

4.5. Applicability of results to other countries

The results of the EEDMS are expected to differ for other coun-
tries. Operational energy intensities do not only depend on loca-
tion (climate zones) but also on the behaviour of occupants. In
countries with a warmer climate than in the Netherlands, the cool-
ing operational energy is expected to be higher, and the average
material use is expected to differ, for example due to higher hu-
midity levels. In countries with a colder climate, the necessary
heating energy is expected to be higher and/or the insulation levels
are expected to be higher. Furthermore, the average material use
in residential buildings also depends on the prosperity of a coun-
try. Therefore, the EEDMS can only be used as a relational database
structure for other countries, the average material use input should
be determined for every country separately.

4.6. Comparison to other studies

Often case studies executed for this topic differ in type of res-
idential building, climate zone and data sources [43]. Comparison
in absolute numbers between the case studies is therefore diffi-
cult. Where applicable, outcomes of other studies were compared
in relative terms to the outcomes of this research. Furthermore,
case studies for the Netherlands were unfortunately not available.
First, literature reviews that show averages based on multiple case
studies are discussed, and secondly, case studies focussing on one
country are presented.

Sartori and Hestnes [43] analysed 60 case studies on this topic
and found that operational energy indeed represents the largest
part of the total energy use in a residential building. Low-energy
buildings are more energy efficient, but have higher embodied en-
ergy use, which is also confirmed in this research. Chastas et al.
[11] conducted a literature review on Life Cycle Energy Analysis
(LCEA) studies in residential buildings. In this review it is con-
firmed that when a conventional home is transformed into a pas-
sive/low energy home (from standard to advanced), the share of
embodied energy in total building energy use increases, while to-
tal energy use decreases. In LCEA studies on conventional buildings
the share of embodied energy was between 6 and 20%, while the
range of the share measured in standard homes in this research is
10-12%.

For the embodied energy use a range is found of 0.9-13 GJ/m?2
floor area (for cradle-to-gate) in IEA [22], of 3.6-8.8 G]/m? in Dixit
et al. [19] and of 1.8-7.7 GJ/m? in Dixit [20]. The latter figures
are for brick residential houses in Europe and are based mostly
on studies with process-based life cycle inventory approaches. The
embodied energy use found in this study falls largely within these
ranges with 3.0-6.4 GJ/m2.

Monteiro et al. [31] estimate embodied energy use for a new
house in Portugal to be 4.5 GJ/m?2, with process-based lifecycle in-
ventory. Adalberth [1] studied the embodied and operational en-
ergy use in three low energy use dwellings in Sweden. The average
embodied energy was 3.0 GJ/m?, equivalent to 15% of total build-
ing energy use. Bensal et al. [4] found embodied energy of 2.0-
4.3 GJ/m? for dwellings in India with a floor surface between 20-
60 m2. Reddy and Jagadish [62] also executed an embodied energy

analysis in residential buildings in India. In this study it was con-
firmed that aluminium doors and windows can contribute highly
to the total energy output of a building, just as in this research. The
total embodied energy was measured for three types of buildings,
from which the two are comparable with the Dutch building types
analysed in this research. The first house has a reinforced concrete
structure with burnt clay brick masonry walls with embodied en-
ergy of 4.21 GJ/m? and the second one has load bearing brickwork
with a reinforced concrete slab floor and mosaic floor finish with
embodied energy use of 2.92 GJ/m2. The results for Portugal, Swe-
den and India are comparable to the 3.0-6.4 GJ/m? range found in
this study.

5. Conclusion

The purpose of this research was to show the effect of re-
ducing heat demand on the embodied energy use in Dutch res-
idential buildings. The found embodied energy use for 25 build-
ing archetypes in the Netherlands varies from 52 to 106 MJ/(m?-a).
Of the building types, apartments have the lowest embodied en-
ergy use and mid-terraced homes the highest. Of the building vin-
tages, advanced new homes are most energy intensive, mostly due
to large insulation volumes and standard homes are least energy
intensive. Precast and reinforced concrete contribute most to the
embodied energy in all building archetypes, with on average 27%
and 21%, respectively.

The operational energy use in the Dutch building archetypes
varies from 124 to 682 MJ/(m?-a). Of the building types, apartments
have the lowest operational energy use and detached homes the
highest. Of the building vintages, standard homes have the highest
specific heat demand and advanced new homes the lowest.

The embodied energy use as share in total energy of dwellings
is lowest for standard homes with a range of 10-12% and highest
for advanced new homes ranging from 31-46%. This clearly shows
the impact of more insulating materials used and the increasing
importance of embodied energy use. However in absolute sense
advanced new dwellings show a strong reduction in total energy
use compared to standard dwellings of 63-66%, depending on type.

The scenario analysis showed a total energy use decrease in the
frozen efficiency scenario of 13% and 36% in the improved effi-
ciency scenario in 2050, compared to 2015. This is accompanied by
an embodied energy increase of 26% and 35%, respectively, while
operational energy use decreases by 19% and 46%, respectively. In
the improved efficiency scenario, the increase in embodied energy
use is mainly caused by an increase in advanced retrofit and ad-
vanced new homes. The share of embodied energy use in total
energy use increases from 12% in 2015 to 17% in the frozen ef-
ficiency and to 24% in the improved efficiency scenario, in 2050.
This means that embodied energy use will play an increasing role
in the future. Especially when the share of advanced new and ad-
vanced retrofit buildings (passive and/or nZEB) increases, the share
of embodied energy use in total building energy use becomes
much more important. Particularly in light of the deep greenhouse
gas emission reduction scenarios in line with the goal to reach a
maximum temperature increase of 2 °C or lower it is important to
include embodied energy use in future policies. The study showed
a high sensitivity of embodied energy use for virgin versus recy-
cled materials, illustrating the importance of increased recycling of
building materials to limit energy use.

Appendix

New vintage:
SBR reference detail (2015) 101.0.3.02, Title: Hollow core slab
floor
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SBR reference detail (2015) 102.0.3.16, Title: Aluminium frame,
inward rotating door

SBR reference detail (2015) 401.0.1.03, Title: Hollow core slab
floor

Retrofit vintage:

SBR reference detail (2016) B 101.7.3.01, Title: Floor insulation
by means of sprayed PUR

SBR reference detail (2016) B 404.0.0.08, Title: Existing roof, in-
sulation inside

Advanced new vintage:

SBR reference detail (2015) 101.4.2.04.PH, Title: Passive home,
HSB-element with L-girder and cavity, hollow core slab floor, insu-
lated foundation structure

SBR reference detail (2009) 102.0.3.04.PH, Title: Passive home,
isolated sill, inward rotating insulated door, rib cassette floor, insu-
lated foundation structure

SBR reference detail (2009) 404.0.0.01.PH, Title: Passive home,
track cap with L-girder, filled with high quality insulation, fixed
cam connection

Advanced retrofit vintage:

SBR reference detail (2016) B103.7.0.02, Title: Passive home,
outside facade insulation

SBR reference detail (2016) B404.0.0.05, Title: Passive home, ex-
isting roof

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.enbuild.2018.01.036.
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