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Key Messages

® %I ERCAT - LUIEAER BT A Gt B Mk SUEA T e R AG l A HEAA BE
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® There are concrete examples of retrofitting or refurbishing existing commercial

buildings to low-carbon design in Edinburgh

® WD SYSGE T F NI B, DR T HEBORIR B B S s Sl R B

KU .

® A preliminary real option analysis shows a substantial option value in keeping low

carbon building (LZB) retrofit option open
® BRI R BTt ARBRHF R SROEIRE T B ARHRBCIRE .

® New buildings should be mandated to design in a ‘Low Carbon Building Retrofit

Readiness’ status or ‘LCB Readiness’

$—=2 5|5

Chapter One Introduction

1.1 Energy Consumption in the Building
Sector

BEE RTINS AR
s SRR FEAR H 2 GO, e iR HL A H
AL F T A v X R R 1R 7 7T S i
R e kR 2013 4F, FEid 20 20 R,
LS BE TR FEAE 2013 SRR K T 48%, ik %
9321 F Jy Wi [A] I AR P HE R K T
56%, IEF] 32190 AW, P (14T KR
XA 2.1% F12.4% (1), BRERZANE KA

1992 A H TR AZAHEZE A 25 (UNFCCO)
Ja, THGEU) TALBEREISANIA G ) el H SR BE
S E ) U — S At HE U AE X 2 )R 45 2]
T B R B, W FE K REVEE FE AT
AR AT AR 2 ) o B R R 129%
F1'10% (IEA, 2015),

The rapid growth of the world economy requires
substantial demand and consumption for energy,
resulting in exhaustion of energy resources and
adverse environmental impacts. During the last

two decades, the world’ s total final energy
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consumption increased by 48% to 9,321 Mtoe
while CO, emissions increased by 56%, reaching
32,190 Mt in 2013, with an average annual
increase of 2.1% and 2.4% respectively (Fig. 1).
The European Union (EU) countries endeavoured
to tackle energy and environment issues after
the agreement of the United Nations Framework
Convention on Climate Change (UNFCCC) in
1992. Although the energy consumption and
CO, emissions seemed subsequently to be under
control (Fig. 2), final energy consumption and
CO, emissions in the EU contributed 12% and
10% of the world” s total numbers respectively
(IEA, 2015).

RE Y5 A i Vi A 0 2 LTV ) O
HoAbAT I AR AN, BRI A SRS, i
PR IR IR, AR ER o d A AR TN AR BE
VA A e AR, ks B oK 34T Mk )
FeERL T AR T A B AT HS R REFERY
20%-40%(Perez-Lombard, et al., 2008). 2004 &
WR B AE MG o S BEAE I 37%, B T )
(%] 28% FIACIEELTTI¥ 32%.  $1] 2010 4, KK
(BT REFE (5 Sl BEAE I EEE N2 T 40% (BU
Commission, 2010). A4 [ 2 1], 3K 4 &
ELE TS P 7 REVEH AR L1 2235 429%(DECC,
2010) H.iZ AT b Ay o 280 A B IR T30S =2 11
43% (DCLG, 2015). 12 %54 it ol vt 1 RK 2 1)
s FBA SR PR T b ) IR 45 2 Y (1
R (Perez-Lombard, et al., 2008).

Final energy consumption is usually
dominated by the industry sector, followed by

others including agriculture, commercial and
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public services, residential and non-specified, the
rest being composed of the transport sector and
non-energy use. However, the building sector in
developed countries accounts for 20-40% of the
total final energy consumption and has exceeded
the other major sectors (Perez-Lombard, et al.,
2008). In 2004, energy consumption in building
sector in the EU was 37% of final energy, bigger
than industry (28%) and transport (32%). In 2010,
it increased to 40% of total energy consumption
in the EU (EU Commission, 2010). In the UK,
up to 42% of the energy consumption is spentin
heating and cooling the buildings (DECC, 2010)
and 43% of all the UK’ s carbon emissions are
caused by the building sector (DCLG, 2015).
This is slightly above the European figure and
partly due to the shift away from heavy industry
towards service sector activities (Perez-Lombard,
et al., 2008).

BeAh, AT AN AEY K. Ja R
AE i BRI S A AR R 73 0 K 4y
AR S HETRCR K 25% A1 18% (DECC,
2015). Lo [ (g AR Jar B 3L = DBt
] 2050 EHEHTIN 35%, A 60% LA LR
DyRAE TR (LCICG, 2012).  J5A% 2
SR 5P 2 A 2013 AR HEIRCT 1.2 F 70
A R, b IR LR AR HEBCR
2.3%. fBCn R HUAL AT FABAT M ) K R AE AN
e BRI REA B, s YEUR R BLIR
IR OL T, A 2 B 806 F I ™ e 2R
(DCLG, 2015). FrLh, SFFaaikkii, PG
RERE, Rr i) PR B R A N T A2 K )
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Furthermore, the building sector is expanding.
The energy used by domestic and non-domestic
buildings accounts for approximately 25% and
18% of UK carbon emissions (DECC, 2015), and
it is expected that non-domestic floor area in the
UK will increase by 35% by 2050, while 60%
of existing buildings will still be in use (LCICG,
2012). Public sector buildings in Scotland
emitted 1.2 MtCO,e, which represented 2.3% of
Scottish GHG emissions in 2013. Buildings and
other developments can also be environmentally
hazardous through poor waste management
or inefficient use of resources (DCLG, 2015).

Therefore, reducing energy use, and in particular
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emissions of greenhouse gases (GHGs) in the
building sector are essential for tackling climate
change issue and retrofitting existing buildings
offers a significant opportunity to help improve
energy efficiency and reduce greenhouse

emissions in the UK.

1.2 BuildingEnergy Policy in Scotland

TR 22 BURR SEILI 2050 4F H Ax CEIPRE
S 25 1 X i A RO AR 1990 (1K
L FEAR 80%) My 1O A A& . e,
T (2020 7ED ) H bR ALK TR 22 DR
TR = SMAHE R AE 1990 [F K P 1 & D B AR
42%. SLAh, TE 2011 4F %2 2019 3 ) (¥ 4 —
CF IR A A TSRS H bR 200 2 39 R ) HE TR0 D
SORRE 2 BE AT L AR Ik 81 H BR A

O DN D PO O DO ODA D> O
NP PP PSSP LSTS
NIRRT R R R R R R AR AR AT AR AR AD

== \World CO2 emissions

E1M-1 B1990F LR ReERHETDEMN _SLIRHINE
kiR EFRRERE (1EA)

Figure 1. World’ s total final energy consumption and CO, emissions since 1990. Source: International
Energy Agency (IEA).
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Figure. 2. EU 28 countries’ total final energy consumption and CO, emissions since 1990. Source:
International Energy Agency (IEA).

2050 Hbr. J34b, 2020 442 2050 455 (¥ ik
FIFICAE B2 H by o 20 LU AT — 47 B2 10 H b 52 2D 93
b 3% (UAREAZIEZ | 2009).

The Scottish Government have declared a strong
commitment to achieve the 2050 target defined as
80% lower net Scottish emissions than the 1990
baseline. The interim target, which is set for year
2020, is at least 42% lower net Scottish emissions
than the baseline. Moreover, for each year in the
period 2011-2019, the annual carbon emission
target must be set at an amount that is consistent
with a reduction over that period of net Scottish
emissions amounts which would allow the interim
and the 2050 target to be met. For each year in
the period 2020-2050, the target must be set at an
amount that is at least 3% less than the target for

the preceding year (Climate Change Bill, 2009).
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BRI 2 L PR O R S0 2 A
IEIFUBRAE I KBBR8 A5 . 3R
7 By 3 S ORI A A Jos B 300 1) B A3 2 3R
AT 0 AR A B I TS 2 R e R FH ) DT A I [F]
INPIESEEIPI R/ It
The bill for the Building (Scotland) Act was
passed by the parliament on 20th February 2003,
including provisions with respect to buildings,
building standards, verification and certification,
building warrants etc. In 2007, the Sullivan
Report proposed a route map for delivery of
very low carbon buildings, setting aspirations for

carbon abatement and energy efficiency within



building standards. The report also suggestedthat
all owners of non-domestic buildings should
conduct a carbon and energy assessment and
produce a programme for upgrading.

2007 SEYP A SR A [N 4 H o0 T Ty 42

THEAT i S 1) RE USRI 6 (1 7 VR R T
A AR TN IUEA], A
SR AR RS T A S0 — AL Bk
HEBCREABERA I A VEAL, IF RN R i 35T
PE TR, %AW SN TR 22 UEAR AL
RS 50 4%
The Sullivan Report (2007) also considered ways
in which carbon and energy performance of
existing buildings can be improved. Introduction
of legislation to require all owners of non-
domestic buildings to conduct assessments of
carbon and energy and produce a programme
for upgrading were recommended, and led to the
inclusion of Section 50 in the Climate Change
(Scotland) Bill.

2009 kg 2R A AAT B ik S H R
TARSE RS REIEA T DL ST RESEA
FR PR AEREAE . [FI4E, IR 22 BUR Al
T )R RE YR E SR LU SRR R R P AR RE U Y
i RAFAE 2020 FFIEE] 20% K] HAR
Therefore, energy performance of non-domestic
buildings, and promotion of energy efficiency
and renewable heat were emphasized in the 2009
Climate Change (Scotland) Act. In the same year,
the Scottish Government issued the Renewable
Energy Framework to advocate the EU target of

20% renewable energy by 2020, and play its role
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in meeting the contribution proposed for the UK
for 15% renewable energy and aim to go further
than that (to 20%).

2007 SEYPAYSCHRE A ORI R BOIEA 4
CSEitiiztr. ek RRN 2013 4 (R
AT - IR AR R SRbR SRS ) Hh, T TRE
AR S SR VR S ) S, AR TS AR AR T
PAAEAR 7 rb (s 330, IR [RBT 1 o 0t RK S
2019 FFESREE . L FHHC OB IR
(RIAR G REUE AR HE o
Almost all of the recommendations from the
original Sullivan Report in 2007 have now been
taken forward. In the most recently Sullivan
Report in 2013: A Low Carbon Building
Standards Strategy for Scotland: to support a
more successful implementation of low carbon
building standards, and subject to the previous
recommendation, subsequent review of energy
standards were suggested to be programmed
to align with the EU Directive requirement for
‘nearly zero energy’ new buildings from 2019.

S A% 25 O [R] I 32 3 SRR 1 ARl
RGN BRI . SRS 22 BUR SR bR
HER T AE 2015 4 10 3 1 HRAT T % T @ 50hs
AERL R ETR A5 S Hp AR 2T X 2N
gy (U o RO SR R SRR B
Tl e bR EDUAE [ IR 38 A e R SR 9
g, HAZ SRR i AR EDR oK & D
100 P KB 25%. Pl 1-3 5145 T Ik 224k
FAEIRBORAEL 2 12 SE AR .
low carbon buildings. The Scottish Government,

Building Standards Division (BSD) has published
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Timeline of Building Energy Policy in Scotland

2009 Climate Change (Scotland) Act

Emphasizes energy performance of non-domestic
buildings, and promotion of energy efficiency and
renewable heat

2003 Building (Scotland) Act l

2010 Building Standards
Building Standards Technical Handbook
Domestic/Non-domestic 2010

2015 Building Standards
The latest issue of technical handbooks
for domestic and non-domestic

Provides provision with respect to buildings,
building standards, verification and certification,
building warrants etc.

2003 ‘ 2004 ‘ 2005 ‘ 2006 ‘ 2007 ‘ 2008 2009 2010 ‘ 2011 ‘ 2012 ‘ 2013 2014 2015 ‘

2007 Sullivan Report

Recommends introduction of legislation to
require all owners of non-domestic buildings
to conduct assessments of carbon and energy
and produce programme for upgrading

2009 Renewable Energy Framework | 2013 Sullivan Report
Advocates the EU target of 20% subsequent review of
renewable energy requirements by | energy standards are
2020, and play its role in meeting the | suggested to align with the
contribution proposed for the UK for | EU Directive requirement
15% renewable energy and aim to go | for ‘nearly zero energy’
further than that to 20% new buildings from 2019

E1-3 XFHE=ENEeRBERA RRIRTE)H
Figure. 3. Timeline of Building Energy Policy in Scotland

new guidance regarding Building Standards
compliance from 1 October 2015, including new
Technical Handbooks with major revisions to
Section 6 (Energy) Domestic & Non-domestic.
The standard now applies to extensions to non-
domestic buildings that increase the total area by
more than 100 m” or 25%. Figure 3 shows the
timeline of policy regarding building energy in

Scotland over 12 years.

1.3 Literature on Retrofitting of Non-
domestic Buildings

ARSI ) T H A T A
AR a B T U7 5 TR A A 1 AR T R I 2
b f K AL (Markus, 1979). 57 e 76 g 408
FUFEE IR PrIHRGH R A BT
RIS T ol SE BT o AR, T Atk
GAVEME T BRI T E 26 T4l
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ARG R 20 Rk R S ma A, =2 07 JE R
(2009) #WW K 24L& T4 (CSR) H
FES TR (SRD [ AT REEME BUORs mT
REXS G SO AT S 2UHESPER], AT S
TRERBEERCRE AR T FRARBR AR A LA
AIRFEAE R ) L

The main proposal for retrofitting is to extend the
beneficial use of an existing building by taking
a cost-effective alternative to redevelopment
(Markus, 1979). Retrofitting may be initiated
suddenly due to profound damage, or driven
by depreciation and the loss of a property’ s
investment value (Aikivouri, 1996). However,
since the conventional economic performance
analysis has been extended with more
consideration of the social and environmental
impacts of a business, Mansfield (2009) suggested
that sustainability policies with respect to the

corporate social responsibility (CSR) and socially



responsible investment (SRI) may bring forward
the timing of retrofitting, thus making an effort
to address energy efficiency, CO, emissions and
other sustainability issues.

A% (2012) YOWEFHGE AR A
AL IR, R TR R T R R S0 iy H i
s PR AR ARG A 5 =B R
HOE T SR 5 SR RIS L
SN S REIRFE IO o I3
HOE R T 2 A R R AR BN s
A, R BRI A E R E. BT
BAT T M BSOS BR T B %, P LATEERf ]
E PR TIEIU AN B DA RS R 2 e i 1) 5 T BORS
THREFHEE 2 B RE LM AFBART B
i A I G T E RGN BE AR Y AT
i
Ma et al. (2012) identified five steps in the
process of a building retrofit: project set up and
pre-retrofit survey, energy audit and performance
assessment, identification of retrofit options,
implementation and commissioning and the last
one validation and verification of energy saving.
A successful retrofit programme depends on many
factors including policy and regulation, retrofit
technologies, building specific information and
other uncertainties. Since there are a wide range
of retrofit technologies readily available, hence
reliable estimation and the most cost-effective
retrofit options identification for particular
projects on existing buildings is essential for
sustainable building retrofit. Performance of

different options is commonly evaluated using
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energy simulation and modelling.

BeAh, 2B RAT R 2 A AT LA oK Bk
AT iR A 2 B g ik,
I 3 ] AT 2 5 TR B BE B S s (Ma et al.,
2012). A T BRI SR i = U R
SORMIRFAE (2011) JEREX 5 47 95 JE ML DG 2% £
AN TC 1% M By T W9 A £ BIRE 9T T BAT 1)
Ji RSN Jir R S SOGE R A A 78 o At
Mo i T SCE e vEA . N3 dod)a
(RIS e, IFX SR AR . 4%
fiti g~ AL AR AT T VRl . I
T A EUE (NPV) 2 H R & R b
MATAWF L R R ], EK BRI, /5K
AR R AN T PEAE AR KR B8 B 52 o T3] &5
R
Ma et al. (2012) identified five steps in the
process of a building retrofit: project set up and
pre-retrofit survey, energy audit and performance
assessment, identification of retrofit options,
implementation and commissioning and the last
one validation and verification of energy saving.
A successful retrofit programme depends on many
factors including policy and regulation, retrofit
technologies, building specific information and
other uncertainties. Since there are a wide range
of retrofit technologies readily available, hence
reliable estimation and the most cost-effective
retrofit options identification for particular
projects on existing buildings is essential for
sustainable building retrofit. Performance of
different options is commonly evaluated using

energy simulation and modelling.

R ()% CCUS iy | -9-
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B 5% A TR A g (2013) i ik is A
Be RGN 28 TRE L BR VE M #E B BIT 97 58 3

T BRI D T B SO SR AT RS
PEBE Al I B, M ATTE 0 T bR HE TR O
%nm$$Lj%ﬁﬁi R, A 7R 45

12 F 8)) 4 fig ¥E B L EnergyPlus7.2 it A Fll
ﬁ%m4%$ﬁﬂﬁﬁﬁ%ﬁ%&%ﬁ%%

REMRCRBEAT PPN o T Sl S R i 25

RZLE, MG T AT HE R (4 30152
WM o AATIRIE ST A B SRATHiE [ 41 ) e Th) B DA
55 [PI3R R Atl B A7 7 22 5 82 BB SUE Frist A
IpIRr SRR I EEFEEREAIC S
Rysanek and Choudhary (2013) augmented
the above study by employing a combined
engineering-economic assessment model of
a building energy system. They modified the
standard approach to building energy modelling
by using TRNSYS in order to improve the speed
at which accurate performance estimations of
numerous retrofit options are made. Meanwhile,
Bull et al. assessed energy efficient retrofit
options for schools in the UK by conducting
dynamic energy simulations of a range of energy
retrofit measures using EnergyPlus v.7.2 and
jEPlus v. 1.4. They introduced life cycle effects
on costs and carbon emissions since these retrofits
will last for many years. They found that carbon
payback is shorter than financial payback and all
options and combination of options repaid the
carbon invested in them.

FEZZ FOBEAN TR RAE 2015 R4k v, 3L
AN BB, A T — KHEERHL A
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AT B B Bt AL TR 1 40 Ab By e AT
it H AR AT 2007 4E %8 2017 AR E B HE4L
B IRV HE T PR AG 50% 0 22 SO BRI TR RN
AR A A IEBIEH bR s tE L2 2 s
S REYS A Il iz 4L A BT PR AR B
Wiks A 2016 AFR4R T o0 USRI RE
PR RN 250 b, T AR S 48k
BHE B SR A e

One of the case studies in McArthur and Jofeh” s
research (2015) involved a large global tenant
with 40 properties in their UK portfolio and
their retrofitting goal is to reduce portfolio
carbon emissions by 50% between 2007 and
2017. McArthur and Jofeh identified the best
opportunities in the portfolio to achieve the goal
by assessing and sorting portfolios using historic
energy use data. Aste et al. (2016) also presented
economic analysis referring to local energy
efficiency programs for retrofitting existing
building and for promoting new low emissions

buildings.

1.4 Report Structure

B % S R TR A i 2013 AR 4R H, M4 RE
Y5URT AR AR TBORE A ok 26 -4 L S H AR ()
I, RERETFEIRAZ )G A LR AL
TE BEU R A R — AN TAT B I
AU BEA B B . AN [R] A AR AT FA Ry
MR MBS R Ry 0, DRI vk
WA I SURE N AT S BRI 0T o [R] Il i
FH v S35 S0 B U R R A B A 0 T VA I
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Whilst energy saving and emission reduction

might have been the ‘top priority’ in the
previous decade, the global economy recession
and the following public debt crisis made

‘energy efficiency cost saving’ as the popular
rationale for retrofitting existing buildings
(Rysanek and Choudhary, 2013). Different
types of building exhibit unique architectural,
geographical and operational characteristics,
therefore retrofit options must be rationally
analysed for every individual building in a
building stock, and computational building
energy models must be employed to investigate
the cost and benefit of these options.

[l I, ] M A SR s 0 P AT IR 2 1
HGX AL B [ AN SE [ BB i 98 5 5 2 ER Y
SO OR AR S KRR (K S o [ I 4 (14
BT 2 Rl e R AT LB I BT B (v AR,
2014). AN, RECAVFZ R TR REFI

HERGHT RSO ST, (HILA R R AR AN ]
Toft SR e AR AR A W o T BT E ST AR A R
(K1 WAk, KHR 2N AORIE S AR 32 E A X LA Rl
IS REIAMIA B SO BB R, PR+
G i BRI X AR RO SO K SE BT T o

Meanwhile, progress in retrofitting the UK’ s
commercial properties continues to be slow and
fragmented. New research from the UK and
USA suggests that radical changes are needed to
drive large-scale retrofitting, and that new and
innovative models of financing can create new
opportunities (Dixon, 2014). Moreover, despite
a number of studies on carbon reduction in
residential buildings and new buildings, there is
limited research into the disaggregated potential
for energy and carbon by retrofitting the existing
non-domestic buildings with more efficient and
low-carbon designs. Also, most studies on energy
and environmental performance of the retrofit of

existing commercial office buildings were carried

R ()74 CCUS Hhty | -11-
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out based on numerical simulations, more studies
with practical case studies on non-domestic
building retrofits are essentially needed.

ESN: PR LE S SRl BURS 56 i S DK 1= T
RVPAG IS T ER IUAT R e ST A o
SR 57 10 AR o g A S B 3R i 1
2000 28wl BEAT VAL O 48 2oL 5 (it SO AL ) K 4
ANZER, BRI JBR BR R TR T NS
e M S B A R BOR AT 25 R DL 70 B o 1
A [R] IR B OB i SN A ARt

PHGEIRES B ARBRHRBCIRES .
Therefore, this report evaluates the potential
benefits from retrofitting existing commercial
buildings in Edinburgh City through assessing the
option value of retrofitting. The purpose of this
paper is to assess the economics in the retrofit
in non-domestic buildings in UK, and provide
policy mechanisms to bridge the gap. The generic
assumption of the model is based on analysing
the technical and financial performance of six

commercial building retrofit cases in Edinburgh

-12- | P (JTF) CCUS Hls

City. The report also proposes that new
buildings should be designed in a ‘Low Carbon
Building Retrofit Readiness’ status or ‘LCB
Readiness’

WA AT - 5 B RER PR TV
P IRBAR BV LR W 55 BL e At (.
RN VE A RE BT i HUBE VT AR HE SO S
(LB % SEMIIRL . 5 = BRSBTS o

o5 DU B i BLAR L 45 SRR S LV AE 1) 45 R
M o
The report is structured as follows: Chapter Two
gives an overview of evaluation methodologies,
incl. the technology assessment mechanism,
financial cash flow valuation method, and the
novel real option approach for assessing the
value of making new buildings designed in a
low carbon retrofit readiness status. The Chapter
Three presents the technical case studies. Chapter

Four presents the model results and outlines the

potential implications.
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& G ) BRI BUE W T3 2R 2 52 )
BT (ROAD. iZJ7TAH it a-EH4F
ARTT IR A T T AN 52 1 B R0 PR BRI S )
PPN (AR ,1977). ISR D A 5 —Fhif
SEPEBUETE IOV ARAFAEA P AL (¥ LAY
Prf. BedRS 6 ROA AL, i A w70 gt
S A R BRHE O S 28 5 3 o
The traditional financial option pricing
methodology, the Real Option Approach (ROA),
has been applied to valuing real assets which
are either uncertain or flexible since the 1970s
(Myers, 1977). This is because an alternative,
deterministic net present value method fails
to capture the option value involved in the
sequential decision-making at each decision
node . This study applies ROA to investigate the
economics of retrofitting a building to low carbon
building status.

PIA 55T ROA TEREUEHR T HIWT 58 7T LA2>
A=A (D) AETTS AHE IGO0 XA N8
PRI o0, BN . By, AR AT/
s i (P WUER | 2006; 48V 4, 2008;
AHARLAE | 2008; #5F , 2008); (2)R&D [yl

L AER SR 1 — 0y, B AR A — AN YOS R U 1
1 As a part of a real option model, the investment decision
is made at each decision node.

AN =] TR AL S REIR BRI f (JE %
A 2005; A, 2007; LTS, 2007); (3)
FEAN 32 B RS I REVR R 4 B I A 3K RE
PR e SR T ST (ZE AL, 20055 1
AR BB, 20065 ARAE, 2007; R 24 AT R
Z1BL , 20105 ARANE , 2011).

The existing ROA studies in the energy sector
could be classified into three clusters: (1) analysis
of the private investment decisions under market
uncertainty, e.g. electricity, fossil fuel, and/or
carbon markets (Rothwell, 2006; Fortin et al,
2008; Szolgayova et al, 2008; Yang et al, 2008);
(2) optimisation of R&D , commercialisation
and diffusion of energy technologies of a firm
(Kumbaroglu et al, 2005; Tan et al, 2007;
Siddiqui et al, 2007); (3) investigation of public
energy policy decision-making in an uncertain
or flexible energy system (Lee and Shih, 2005;
Marreco and Carpio, 2006; Lin et al, 2007; Fuss
and Szolgayova, 2010; Zhu and Fan, 2011).

SEAR 5 BIWFST T V08 2 5L T ik ROA
WFFOSR L. BATR I H 5N (Billnss
WSS 1A BRI A7 b A b 3R
S S IR . ANEAE PSR HE S B 1
M — AR F e A AN E N 3R] R AR LY
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The methodology of this study builds on the
knowledge and understanding gained from the
existing ROA studies described above. We
take the perspective of a project investor (e.g.
commercial building investor) investigating
the value of exercising a retrofit option in a
commercial building. Uncertainty is the driver
of the option value. A number of uncertainties
may potentially affect this investment decision,
including the technology progress ratio (or
learning rate), global installed capacity of low
carbon building, gas and electricity prices and
carbon price. High learning rate would drive
down the economic of scales, which helps to
increase attraction of retrofitting option. The
capacity should be examined to provide constraint
of low carbon building worldwide. The price of
gas and electricity price and carbon price are both
positively correlated to building retrofitting.

HI AR B A A% A A R PP A7 A 2 A
SR E R, BRHAE B S o BOR AR A (1 52 1
PR T 7 AT R e A ol oA AT e e 370 5 14 4
AR RIS, AR T RS IFE
SER T RAN TR TR E . N T i
AR SR AT e, BENL B e A
[l 1 7 PGt i SRR £ 7 AR A RSB
SUHIBUE, @A T BENL B IR, 5
T AR BME T H IR

Because there are significant policy uncertainties
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in modelling the carbon price and the regulatory
motive other than existing carbon markets are,
in reality, likely a possible driver for low carbon
building retrofit. In this study, we simplify
the assumption and assume the investment is
driven solely by market factors. To identify the
probability of retrofitting a low-carbon building, a
stochastic free cash flow model has been built to
estimate each year’ s net present value of future
cash flows generated by low carbon retrofit. The
net present value of the future cash flow at year T
is given by:

(S¢—I—0,—F;)

1+t

t B RNEEAE PSR A I A 2 i

Present life of the commercial

PVr(S;, 1, 0, F) = %:T (2-1

t year
building at a decision node

L RN AR
L year Lifetime of building

PVr $ SRTHFMAKI IR PLE

PVr $ Present value of the future cash flow

atyear T

St $ BTSN

Se $ Revenue from rental at year t

I $ RTHERBTEINEN

I; $ Investing cash flow at year t

O¢ $ T ERARREIAR I E Bl e
0, $ Non-fuel and non-carbon operating

cash flow at year t
Fy $ EBTER. RigEMEKI
Ft $ Payment for electricity, gas and

carbon at year t



q % ANGHRMGILA Frifa it e %)
q %

Private Discount Rate (required
internal rate of return)

R 8 B K A A SR 32 IR B A 3
R B U Bty oK AW\ > Bt AL < R 4 T
AR A HE TR M BE YA B I B A T AT BT R
The PG R AR E R AEENE, MR
RS9 I MR BT T3 0 5 R R it
Fii§ Ot o
The main driver for retrofitting a building to low
carbon building is assumed to be an increase in
revenue driven by increasing rent and a reduction
of carbon and energy bill. The value of a future
retrofit is inherently uncertain and a robust
exploration with probabilistic Monte-Carlo
analysis has been conducted to take this into
consideration.

PG L, SN AR A A Hees T B
RO, AR SERR BB RS W] e B4
RO T, DROA Al — A i S 80 s 2 A2 i
T REA (o0 Qe 4 1 i L BE vk A2 BF vF
fiti, HE AR LT ). L, RS IE
AL % [R] - B SI2 (1 R SR R 14 8 I 1) T
RITERAT 00T (5 22285, 1998)..  ILAb R
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B A AE B — A ER AR . Hefy il
B, AR —ANBGEIUH 7E5 ¢ FIT AR S0t 1
— DB T AT LLAE 4N AEREAT . X
AT 50 SELTE AR I HOR UG, s R
24 DINTE A, SR A

In theory, increasing the number of time-steps
would result in higher option values, but actual
investment decisions are more likely to be
made on an annual basis, because the process to
evaluate an upgrade investment decision would
incur sunk costs (e.g. detailed engineering and
economic assessment, special board assemblies).
Therefore, the study is conducted with discrete
time intervals to approximate the real decision-
making process (Plantinga, 1998). It has been
assumed that the decision is only made at the
end of each year. In other words, if one retrofit
takes place in year t, a further upgrade could also
be made at year t + N. For a 50 year economic
lifetime there are therefore 24 time-steps, or
decision nodes.

FERFAS RSO, B0E — R R ML SRR 5
R T — IR IE EAS BT (R RO R K 4
(R BAS 2 AN 11 B AL 2
At each decision node, the decision to retrofit a
commercial building depends upon the balance
between the cost of a one-off capital investment
to retrofit and the sum of future cost savings and
revenue increase.

TR B 38 5 2] AR AR (e
T AR B AT 12 T 37 5 B2 A1 58 B AR 14 4
&, PIIEIZ L P O T o s e B O
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Xl SR O (0 A A . e 0 A
(RCOST) & th FL [N 327 > i 2 b A (o] 7 42
i ,2008; FrHEAR L 2010) L H -

Technology learning rates, assumed in this study
to be translated into a reduction of the retrofit
cost with new low carbon technologies entering
the market, are therefore critical to determine the
value of the option considered for retrofitting.
These learning rates focus on the total capital cost
of retrofitting the building. The RCOST is here
modelled by a one-factor learning curve model

(Alberth, 2008; Junginger et al, 2010), given by:

RCOST, = RCOSTO(%)“’%“—’") (2-2)
0

RCOST, W&%;  HnfFMsoE A

RCOST,, GBP  Retrofit cost at year n

Capy S AT NI O R Sof (1R /41 N 42 o e
R B

> Global capacity of low carbon

Capy, m

commercial building at year n

m EpEIVASIES
m Learning rate

PN O SYUPNE 875 % N=aB & itk o8 = 3
F e ) R AN 2 32 B HAD AR R SO AR R
S, AT AN A AR A {E
A AR B0 5 21 R A U T 58 2 AR 2D 1) o
B B 2 N 5%
For simplicity, it is assumed that the technology
learning rate and the global deployment capacity
rate are not affected by other assumptions or the

model specification, so that they are exogenous,
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independent values. There is a lack of study
estimating the learning rate for low carbon
retrofit. The study assumes a learning rate of 5%.
TiAh, HORE S) A m A4 BRAK R O 1
KA BT S BELYE (BT 22
257 A TR ZE (2001) BURTSEOG T B e YR
PO 2] FA L 41 2 BB AR AL I BE S )
SR AT L AR S SR ) = ) R0 0 2 R 1
FREPLE R SCHR+ o = o T RATHS LA
5 2 AR R R i fe  BR A, B i) 52 )
FILBBAT A B A A H A e H K8
EERB P R B I AR 0.5 M #eh Bk
filo [FIREHE, ABCBE AR 2 A I A R R B
PR HAE AR B 4 {E 0] 52 % 0.25 i B R
AN
In addition, it is assumed that a stochastic
process applies to the technology learning rate,
m, and the rate of global installed generation
capacity with low carbon retrofit (this follows
findings from McDonald and Schrattenholzer
(2001) who showed that the historical energy
technology learning rates is not constant and
varies stochastically). However, there is a lack
of literatures to justify the stochastic process
of learning rates and deployment rates for low
carbon building. Based on our best knowledge
with a reference of past learning and deployment
process, the hypothetical learning rate is assumed
to follow a mean reverting process and tends to
drift towards its long term mean assumption at a
hypothetical reversion rate of 0.5; similarly, the

hypothetical deployment rate of installed capacity



varies stochastically and drifts towards its mean
value with a mean hypothetical reversion rate of
0.25.

(IR FEEINIDE S = e il i N U
APV RREL B
The process of technology learning rate and
deployment rate of low carbon building capacity

can be written as:

Q =Qi—1+ 0, (Q, — Q1) +Z,, (2-3)

Wy B ERRIEE RS

W, Mean reverting rate

Q¢ $ R

Q¢ $  Rateatyeart

Q. $ KIS

QL $ Long run equilibrium Rate

Z PRAER A R REA AR B

7 Random variable following a standard

Wiener process

PAT 1H e 32 ) 3 S o 5 o At 3 I ok S S0
WER TS AP . L RIRAANH
AU B AN R 1 1) Bt Lo e ey 249 1 [m] 525
FERIRORSEEL, a5 2-4,
The main barrier to the retrofit is thus the cost of
the upfront capital investment necessary to make
a building in low carbon status. To represent the
uncertainty for electricity price, gas price and
carbon price a stochastic process is modelled by a
mean reverting process, as in Equation 2-4.
Po=P_1(1+a)+w,(P,— P_1) + Z

24

T RE
Drift factor (growth)
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Wg - SN E RS

Wy - Mean reverting rate

P, $ SRR RS

Py $ Price at year t

9 $ KIP I s

P $ Long run equilibrium price

Zg - bR PN R
Z - Random variable following a

standard Wiener process

T 4D 78 AR PR BB R AN E
PRIE, SR AU 7 BT R A A2 B 5 9
BAEATF ) RIS 23 BUg R
EARTIBRAN AR IGO0 T BIpir (i 471830
B i 3R S PR A S H R Al T RS
FRE ST R RENE, o [N ROA P SARE
ZRAE F 2% LUR LA R R 2 — MU 2R I B
.
To complement with uncertainties in the model
assumptions for this study, a sensitivity analysis
is conducted to investigate the value of retrofit
options for different electricity, gas and carbon
price growth scenarios as well as different
learning rates and required capital for upgrade.
The boundary for exercising the option to retrofit
the building aims to estimate the probability
of exercising the option at each decision node.
Thus the ROA decision-making framework is a
complex model with the following characteristics:

® Xt ASEARMIBG RGBT LLAE

MILAESMEAT A2 H AT AL
® [t is an American style claim option, i.e.

options could be exercised anytime from
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now to any expiry date;

TATR RO 4 T UTRORA, B
AR AR
Because of the sunk cost in exercising
the option, only one decision node per
year is considered;
FEFEAG 5P i MIRAR S I A ER
BONAIE, PTUAEZEOLR, )
APER NS IR (RIS A%,
In the baseline scenario, it is assumed
that both the electricity price and the gas
price are not growing, thus in that case,
the drift (i.e. growth) of electricity and
coal price is low; and
JE WSRO Al e AT A A R
A backward looking algorithm is used to

estimate the optimal exercise boundary.
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FEDPAl — A o IO CRIT S0 (1 44
), SR DU R R O EER T VR AL TH
—ANEFAIBANE -

In evaluating a retrofit option (i.e. the net benefit

of retrofit), a heuristic approach in four steps is

applied to evaluate options to upgrade a building:

(a) MR TRENLIE AL f U REAS
Bz
(a) Identify the sample paths for each variable
undergoing a stochastic process;

(b) F&T-HLA A s AR AZ BRI
HOGERAS, SREH RS, DA, A, &
FARMER) WER, &/ )y
RGNS A B U5 R R A TR PSR BT
A REPEA G IR A
(b) Use a least square regression method

with Monte-Carlo simulation to estimate the



probability of upgrade and the value of the retrofit
option at each option decision node, based on the
current retrofit cost and the current information of
stochastic variables (i.e. retrofit cost, fuel price,
electricity price, carbon, deployment rate, and
learning rate);

() A2 )5 TREE 28 J5 1047 A chcads SIS Y £t
HI AT A 5
(c) Estimate the initial value of the retrofit
option exercised through a backward deduction
approach;

(d) W 0 SR BUE BCFE
(c) Estimate the initial value of the retrofit
option exercised through a backward deduction
approach;

Al (R SRR AR AR I 9T € IR A e
R o B e 1 b I ST B S B 5 ALK
i, € {xo, -, Xe—1}o R4 T ARBR £ S AE
W3 T GK P d e, WARAMH T — Nk
RS, WAL BT () Bl = MRBR
ST G K e f R — I R AR AR R 4]

AT ALK e BIXeiq = e 7 RAM

B R, T 3 A <R AT R o e AR X HL
Xey1 = Xeo SGEIBAIHE AT LU LR 9 DL
IR (2-5) kil
The estimated building rental level at the
beginning of period t isX; . It is clear that x_
t depends on the realizations of the rental level
in the previous periods, i.e..X; € {Xq, ..., X¢—1}.
Suppose that the current rental level for low-
carbon building at the market I denoteds €; If an

retrofit decision is made, then the rental level (X;

F_E HiEL
Chapter Two Methodology

) becomes the current low carbon building market
rental level€; and the beginning low carbon
building market rental level of next period is €¢
, 1.e., Xt+1 = €. If no retrofit decision is made,
then the market rental level remains at X; and
Xt+1 = X¢. The value of retrofit options can be
evaluated by the following Bellman equation (2-
5).

Vi(x;, e, Qp, Pr) = max
{ﬁ bey1(ey, Qe P) — k¢ + lle[VtH (e, et+1Qt;Pt)]’}

1
_TE[Vt+1 (xt, €41, Qa1 Pean)]

1+
(2-5)
XL 30 R A U R R — I 0T i
Gy A AR M ZAE VT (xr , er) =0.
where the expectation is taken with respect
to the market retrofit cost level of next period and
the terminal value V_T (x_T ,e_T )=0.
t ARSI A A AT
t year Present economic life of

the building at a decision node

T ORI AR

T years Lifetime of the building
4 $  REFESOETT EMBELH
Vit $ Stochastic value of the

retrofit option(s) at year t

EVl  $ EReHVETAN I BGE T ZAME
E[V.s+11 $  Estimated value of the retrofit
option at year t+1
bt $ B FSUETT ZNEE AR
IR ) TR 322 255 2
TES CAFEATAE
bisq $ Estimated marginal benefit in the
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present value of operating cashflow at year t+1

with a retrofit option exercised at year t

X $  REFERESHEKF

Xy $  Building rental level at year t

e $ BRI RER ST
MK R THED

e; $ Estimated market rental level for

low carbon building at year t (estimated)

r % FENRITHLE

r %  Risk-free real discount rate

ke $  EBCFER - EREOE R A
BT A

k, $  One-off capital cost investment

to retrofit the building at year t

YUE R ATAEH O X AR RSB A
WAL TR ) PR E BT I il (R0 A 35 Bt 1 B
{6 SO ANl LA SO&E s U ik (. s
2 HRBR AR BT 2 PR W & P 3
BHPUE 10 KT ZRMBUOE (2-6).
The decision to make an additional investment
at year 0 to future-proof low carbon readiness
depends on the present value of the additional
investment required, SO, and the mean value of
the option to be able to retrofit the building. In
other words, an additional investment to future-
proof a building with low carbon readiness
statuswould be justified if the present value of
the investment (I0) is lower than the anticipated

value of the option (2-6).

Bt Vo= So AR B, 2 Vo <So
(2-6)

"Tnvest,if" Vo = SoA Do Not "Invest,if
"Vo < So (2-6)
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So $
So $
future-proof the commercial building
Vo $  RERFEEIUSOE BURBE NN 7 S H
Vo $  Value of the option to be able to retrofit
the building to a low carbo status

EAFE R, FEILsE, X @SR Ash
PR AL B v 5 MR A B R R AT TR
MBI BRI BRE Nl —ANis T
WA EBI T, AR SE bR TR TR T4
NRFS . [AIIN, YIHAHEEE 10 JRRA Hi%
AN BL G R BB VO LLSEToit
s IR BEAEA FMEBE T I RAR A%, 1
TISE AT, BRATRS, FORSE S) ARIERE R fE
e R SOE BURIR T BT % A BEBE
e MY SR R D SREANE AR T TSV

It should be noted that the investment

SO T AR LRI A 5

Additional investment at year O to

required to future-proof the building, 10, is site
specific, and would, in practice, require a detailed
design study. The scope of this analysis is limited
to introducing a methodology applied to an
illustrative case study, which could also be used
to assist decision-making in real projects. Also,
the initial investment I0 is not added directly to
the cash flow model. The outcome of the model
is the value VO, in $, of the option of being
able to retrofit the building under the different
assumptions for gas price, electricity selling
price, carbon price technology learning rate and
deployment rate. The decision to invest or not in
a commercial building is out of the scope of this

study.
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SRR 1 6 R 252 T B N AR R M SR
BIREAT T AR, Horp s -
The study reviews six commercial building case
studies at Edinburgh City, Scotland, including:

3-SR UNTPN]

- Norton Park Building, Edinburgh

LN

- Telephone House

- PR AR 1L

- Advocate’

- Jr BRI

- Scotstoun House

- SCHEOKRE L

- Space Craigmillar

- fRBREVET 2 1 RO

- Edinburgh Centre for Carbon Innovation

s Close

ETEEMAREKE
Norton Park Building, Edinburgh

Background

TN DN RO Oty e 5 o S e
Ko GKEMDBAZFEHTEZTE®IAR
TR A Al 90 FFARFIY, T

g T — T 2 RIERS, W R IX X e
R VIR TR A 0 — A3 B 5 FL Y
Fhb. ZKEWPATE, PR REFTA X
ANE 1998 SR T A IEAT — XA BT AT
Ko GKNERARZ 52 vF & 28, o
AR RG] . MR BT AR,
TR GEFNEA

Norton Park Building is a former school listed as
Grade I1. Its offices are mainly used for voluntary
organizations in Edinburgh. In the early years
of 1990s, the Lothian Regional Council selected
Norton Park Building, as a suitable office for
charities. The owner of the building, The Albion
Trust wanted an environmental redevelopment
of the building which was completed in 1998.
Many aspects of the building were assessed and
renovated, including energy use, construction
materials, lighting, water consumption,

ventilation and cooling.

Building Description, Desigh &
Construction

FeSEE
Form and Fabric
VA e — AN | T AR N, AR
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[GX e AT AR TS s e v s B N il 2o i
AT RERIDET I, FLAMIURE 32 2R D52
Norton Park is a red sandstone Grade II listed
building with a black slate roof. There was little
change made to the external appearance while
energy efficient refurbishment was made to its
fabric.

dik B R JE TR KA I i A4 LS
b EE L H 4% 0.2 W/m’K [ U 8 [H] 2 T A
0.1 W/m’K /1 U . 5ok i HE 4% 0 B e e T
ANBI AR TERAZ B . T 7 AT 0.85
W/m’K ¥ U i1
The walls and roof were highly insulated with
mineral wool. Walls now have a U-value of 0.2
W/m’K and the roof has a U-value of 0.1 W/m’K.
Wooden-framed, argon-filled double glazing was
installed in addition to the original sash windows.
The windows now have a U-value of 0.85 W/
m’K.

BNES

Ventilation

KL F 38 R 2R G B 2 2 A 3 B ) v
O E, ZARGE T IeAT. T LLIRES
OO IR, AE R B & Tl N Ah it
NN 2T IO 4ERAE 20.5 % G2 .
X BH B 1 2 2 gt 3 o O A0 # i) e T4 Bl 2
RIETHZ 2 kAT LA
A ventilation system has been installed in
the central core of the building. The system
run overnight in the summer to keep comfort
temperature and in the winter it heats the

incoming air to a constant 20.5 degree Celsius.
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A solar heating system makes use of air that is
warmed by being drawn under the roof slates
to preheat the air supply to the top floor of the
building.

*KEg

Heating

I 70 A 2 AR BEL AL 1) R e o A A
AR AR 1910 AR BRL . 1ZOK R
Oy T 15 AEEIX,  REAS DX IE i 4% 2 4 B R
N5 HUBMGE M v 46 3 At PR i 2 U D7D 20.5
RS o 1Z KSR R I8 8 N R) O o — 4
JAVY R 7 2 30 2R 3:00, ALY BT
30 £ MR 2 2 00,
The existing boiler from 1910 has been replaced
by two gas-fired condensing boilers to supply
heat to radiators and to air-handling units. The
building is divided into 15 heating zones. The
thermostat in each zone is set at 20.5 degree
Celsius, the same temperature of the fresh air
provided by the mechanical ventilation. The
building is heated from 7:30 am to 3:00 pm on
Monday to Thursday and from 7:30 am to 2:00
pm on Fridays.

RIENTEIES NI ES P ST ]
KB To %R G0 K E i 1= TR
AL BBV AR R, BT e T
BH G 1 S 32 A B 3o SAox 1 N KR ) 22 <k
frim, — BRGNS SRR K
JZ R INA R ZHIHI .
Norton Park has a solar heating system that
preheats ventilation air. The system works by

drawing cold air from outside under south-facing



roof slates. The slates are warmed by the sun
and in turn they heat the incoming air. Once the
air has passed through the collector it is then
conventionally heated before being distributed to
the second floor offices.

HPERIE N B 2R HO R T4 B 3 1

HEACRF 22 SERTAE Y 12 R B HEA TR EE . Ak
A RIRLBE PR 2 g 6 B4 IC 1 HLAE SR
J& K BH RE A &% 2 R AP B E N B0 25 U9 n 22
NZ 20 RIS .
Norton Park has a solar heating system that
preheats ventilation air. The system works by
drawing cold air from outside under south-facing
roof slates. The slates are warmed by the sun
and in turn they heat the incoming air. Once the
air has passed through the collector it is then
conventionally heated before being distributed to
the second floor offices.

ZEARK

Water Consumption

AT SEBLE WK R IME, R IR %
IKAER AR SRR /K o B S it KA T B A R
oy HI e B o
In order to minimize the use of water, rainwater
from the roof is collected in a storage tank. It is
then used as a part of water usage for flushing
WCs.

HREAFNSRE

Lighting and Daylighting

H%a B IR R BRI T Pl A DA Xk
Koo O T 1G5 A ) IR By 1k D't e Kt )
MR, Bl AR A 22 T R AR, PR
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SRS T o JBERH AR 1 AT 28 7~ 20 O 22
BALT P AL E . AT DU T2 5 R
B A7 BERGE I RN e o O 1 B9k
Jese e, RIS 2] 4 4>, RT3
TG RE M EESK,  [F) I Fo VR T Y e s
KT SEIT & ) AT T S 0 o 35 A T TR B 4
HIRG I TFe A DTG BEE AR 2
MR ENBAYIRTESI, ARG B 35 7]
BEANIPA BRIV RAT . BT IR R
LR YW NS R

T2 OK SR PR RE Y5 BN T At A e U B
F4; (BEMS), %8 F 2 4 42 SR I L X
B HIEAT .
The original design of mezzanines limits the
access of daylight to some areas below them.
Thus light shelves have been fitted halfway
down the window in order to increase light and
reduce glare. The light shelves are created by the
architect. They consist of wooden shelves fitted
halfway down the windows. Their angles can
be altered by hand to increase light penetration.
4 roof lights were added to increase the level of
daylight. The design of the lighting is energy
efficient. Switches allow the lights closest to
the windows to be controlled separately from
those in the interior areas of the offices. Sensors
automatically switch off lighting in individual
offices and meeting rooms when nomovement has
been detected for a set period of time. The time
delay on the lights turning off can be adjusted. A
Building Energy Management System (BEMS) is

used to manage energy. It monitors and controls
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the heating and ventilation operation.

IR IR 3

Environmentally friendly design and
products

MBI REE S AH] -

Materials are reused where possible:

© A A N A S it DA T AR IR 3

JIAS AR A M

® Products were to be obtained from local
suppliers to minimise transport costs and
fuel use
=T AR
Second-hand materials were to be used
AT ) P A AR R

Timber and timber products were from

sustainable sources
® EFHRAEREMI T KL, Bl
ARBEACE AL R
® Construction materials with low
embodied energy were selected, such as
glulam beams rather than steel
® A TR 2 5 N A R BIE )
P, WIRRE O (PVO)
® Products linked with sick building
syndrome, including PVC, were avoided
o I JHRIRLTYEMEL . A MK MRk
® Natural fibre carpeting, linoleum and
water-based paints were used.
IR HUR 7% B R C 5 7% Bl AT AT [RSOR] H
(RIEF™ o [T, SEESFUBE VAT W (10 L7 OR
BLpiEL g LY/lIUE 2 A

The construction has taken the easy removal and
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recycling of building products into consideration.
Moreover, bat boxes are designed to promote

wildlife diversity.

Energy Management Outcomes

K AE 1999 4 e ] A7 Jm $h e B
W5 %5 22 BEA RE AR R 56 1 249 T BL
I /49D 2 T 150 T ELi /4. RESEAE A B
7R R BRHE Rt WREAE 80 AW F#IRE 50 22
Wi,
A facility manager was appointed in 1999. The
energy consumption was 249kWh/year before the
appointment and it has been reduced to 150kWh/
year. Carbon emissions associated with the
energy use has also reduced from 80 to 50 tonnes

a year.

Cost and Funding

B o e KRR R A 2, 837,
000 Je5, A TR 1E 3 756 Jebs.
The refurbishment of Norton Park Building
cost a total of £2,837,000 including fees. This is

equivalent to £756/m’.

ETEHIER
Telephone House, Edinburgh

Background
HL U D7 A0 1973 fF gt 1, @A T



Je[H BAE A A (BT) KRR G Ip A %,
FE A RAD 80 AR, O T S BLSE E AAE &
] AR GRS IR R 4 SE M I PR R AR U, %3
FEIRH .

Telephone House was built in 1973. It was
used by British Telecom (BT) as an office
and telephone exchange. In the late 1980s,
the building went through refurbishment due
to BT’ s corporate commitment to energy
sustainability.

B A BRI A G
Mo SEAR ) 2 ANONJZAN 2 AS-BR AL, w]
PAAE 73 08 VL 1 4% 2 A 1) P Mk 11 B 3 2 11
YA B
The building has a cruciform shape with 2 six-
storey and 2 seven-storey wings extending from
a central core. The building provides cooling
in the computer suite where there is a high

concentration of office equipment.

Building Description, Design &
Construction
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Heating

T % liE T PIAS 586 T+ PLI W IEIA <
b o FRKIE I A2 0 2 i X I A IR AL AR
RIS R SR P o AR P 271
PR LR i 40 T 1) = AL AR I RS B e —
A 73 S T4 B A U RO AL M — R
PLAFAL )i o I o D 78 DX P 2 I AT E T
1L BEMS F 481 £ 5 B 4% O e Wl o 1)
JREN Y o DX 3Rl 0 AL 6 SR A I ) PR AH 5K
REFF IS, ) DLUIRE o 22 12 3 SO fit iz 24
NI R Ko
Two 586kW conventional gas-fired boilers
were introduced to the rooftop plant room. Hot
water is delivered via zoned circuits to perimeter
convector heaters throughout the building. Heat
levels are set by room temperature sensors which
control diverter valves in the water supply circuit.
A branch distribution circuit provides heating
for the canteen’ s air handling unit, and for
convectors in the ground floor reception area.
Compensated zone control of the heating and
the ability to isolate sections within each zone
remotely by the BEMS has proved
to be very successful. The zoning
and associated programmer with
flexible schedules have combined
to avoid the previous need for the
whole building to be heated at all
times.

SEIERPIK

Domestic hot water
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Two 87.6 kW direct-fired gas boilers for DHW
supply have replaced the original calorifiers in
the rooftop plant room. Another, similar boiler is
installed in the ground floor kitchen, and supplies
DHW for this area. Neither system uses central
hot water storage.

Rt

Lighting
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Artificial lighting in the office accommodation
is mainly by recessed twin and quadruple
fluorescent tubes, complemented by compact
fluorescent down lighter units and desk lamps
under individual control. The central access
areas in most offices and all toilets have compact

fluorescent down lighter units.

Building Energy Management System

REVRET L R4 (BEMS) Xt 3R+ T i
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The BEMS monitors and controls all heating,
cooling and mechanical ventilation systems of the
house. It is also used for other BT buildings in

Scotland.

Cost

7F 1990 4F 10 H 1 1991 4 9 J (¥ i 4 39
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During the monitoring period Oct 1990 to Sep
1991, the building consumed about 978 000 kWh
of gas and 1.4 million kWh of electricity, the cost
of which was£10,232 and £66,704 respectively.
About 31% the of total electricity is used in the
computer room.

KW LRERE T, ZEFIRIR T
FEEL LI (R IR SR o il TR IR
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As for energy consumption, the gas consumption

is considerably better than a typical office of this

type. Due to the use of microcomputers on every

desk, the consumption is slightly in excess of
“good practice levels” .

PERE B8 IR A H 2 66.0 T FC I 45 °F 7 K.
X AL I 1) 1 42 ol LU I P 7 80 24 BT A 1
R, A REYR 1 R
Heating energy is 66.0 kWh/m?2. The application

of appropriate controls to suit the high internal



equipment heat gains contribute to this very low
use of energy.

POKPTIEFE I fE P2 66.0 T LI BE-F 5
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Hot water energy use is 66.0 kWh/m?2. It is
considered a small use of energy for a building of
this size with catering kitchens and distribution
mains operational throughout the year.
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The office equipment uses 36.2 kWh/m? of
energy. The energy is generated mainly from
desktop computers, printers, plotters, copiers,
desk lighting and personal fans. These facilities
are continually turned on 24 hours a day.

gt N e R I C e P /A E
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The cooling load has increased with the
increasedamount of office equipment during the
life of the building. This 7.1 kWh/m? of energy
consumption.
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The cooling load has increased with the
increasedamount of office equipment during the

life of the building. This 7.1 kWh/m? of energy
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consumption.
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Lighting consumes 28.0 kWh/m?2. It is considered
a best practice of lighting efficiency because of
lighting design and effective use of the automatic
control system. Economical lighting is achieved
by installing efficient luminaires and lamps
throughout the building. This low installed power
load is augmented by manual and automatic

controls, and good management.

Summary
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The total saving of 19kg/m? of carbon dioxide is
an annual saving of 201,552kg. The low energy
consumption for heating and the effectiveness
of zone controls to take full advantage of

internal heat gains have been a major factor
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in this performance. In the completion of the
refurbishment, a well-controlled building is
created with annual heating and hot water costing
73p per square metre of treated area. All of these
improvements are sustained by BTs corporate
commitment to energy management. At the same
time, gas heating costs is down by over £40 and
electricity consumption for lighting exceeds

current good practice target.

T EfIERNS g EIR
Advocate’ s Close, Edinburgh

Background
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Advocate’ s Close is situated in the heart of
Edinburgh’ s Old Town, on the edge of Princes
Street Gardens, to the north. It is a historic
site that was formerly occupied by the City
of Edinburgh Council. Encompassing 9 listed
buildings over 11 storeys, the site drops over
10 storeys from the top to the lowest level, and

buildings range in age from 16th to mid-20th
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Century. The characteristic herringbone pattern
of development in the Old Town evolved from
the tight feuding of property fronting the High
Street and was well established by the mid
sixteenth century. The area that was under retrofit
development is in the centre of Advocate’ s
Close, a narrow close from The Royal Mile to

Cockburn Street.

Building Description, Design &
Construction

N T ORER IR AR, %M ORISR A
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While retaining the existing buildings, a series
of new quarters combining rehabilitation and
alteration were designed to add to the site. This
new series of new buildings are to integrate into
the old buildings established by the mid sixteenth
century.
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Previously removed upper floors were replaced
by new rooftop extensions. The building materials
were chosen to unify different elements of old and
new designs. External materials, such as exposed
random rubble, ashlar stonework, grey render and
concrete, were used. The material palette chosen
unifies these disparate elements, replacing the
grey render with a buff coloured render and using
natural sandstone, slate, dark grey terracotta
cladding, timber and aluminium for new building
elements. Hundreds of steel beams were brought
into the building to overcome over-sailing

issues by a system of tracks and pulleys, a major

E=F Z=IEAR
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logistical issue in itself. Existing timber beams
and cast iron columns were removed. Timbers
are then redressed and reused off site.New grey
aluminium windows complement the surrounding
cladding, in contrast with the existing timber
windows, which were overhauled and repainted
white. A number of existing facades were
retained whilst the internal structure was modified
or, removed and completely replaced with a new
steel and concrete frame. This was necessary to
allow a two storeys reinstated gable block with

crow steps to be constructed above.

Summary
S S B AR SR A D s
UL F 6 R GUREAT B — A 1 S5 I
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The retrofit develop is a successful new
quarter combining rehabilitation of historic
buildings and public realm with alterations
and interventions which participate in the
continuing organic architectural evolution of
the Old Town. It encouraged street activity
and pedestrian movement, especially at the
revitalised Roxburgh’ s Court. A further 19
serviced apartments were created in the adjacent
Adam Bothwell House within the development.
Apartments are flourishing in this area. Many
compact studios and penthouse apartments
experienced 87% occupancy rate in 2014.
The local community rewarded the Advocate
Close with a number of architectural awards,
including the RIAS Andrew Doolan award for
“Best Building in Scotland” where the judges
described it as “urban weaving at its most

complex” .

=T EHrF
Scotstoun House, Edinburgh
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Background
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In 1965 Arup Scotland purchased Scotstoun
House which subsequently (1966) was built as a
low, single-storey, pavilion-like office building.
The building has offices at one end of the walled
kitchen garden while a cottage and stable at
the other end were converted into a plant room
and a caretaker’ s house. By 2005, the space
was cramped, poorly ventilated, had only one
meeting room with limited facilities such as a
staff kitchen; there was not enough room for
printing equipment and a prefabricated structure
had been tacked onto the building for archives
storage. In the concrete and glass structure, the

occupants were cold in winter and overheated in



summer; with the window blinds down almost

continuously to protect its inhabitants from
glare, heat or cold, and with its wood-panelled
partitions and ceilings, the building was dark and
the fluorescent strip lights were on for 12 hours
every day. Arup Scotland commissioned haa
in 2005 and decided to convert and extend the

building with a sustainable design.

Building Description, Design &
Construction
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=
The objective was to the re-
use the existing building and
its ultimate conversion to
meet present-day standards of
energy use and environmental
quality for its occupants. A
creation of a simpler addition,
connecting to the southeast
face of the existing building
and extending within the space
of the walled garden was proposed and designed.
The new extension continues beyond the former
front face of the old building towards the North
West, at this point utilising the old garden wall as
its easternmost side. The bulk of the relationship
between the old building and its parkland setting
is therefore retained, as is the relationship
between the old building and the setting of the
walled garden. The height is similar to the 1966
building. An additional 625 m’ of space was also
created to accommodate new meeting rooms and
breakout spaces.

Rt

Lighting
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From the beginning, the project had specific aims
of bringing as much natural light as possible into
both the old building and the new extension,
creating excellent air quality, cooling and
ventilation through passive means throughout the
whole building, providing a low-carbon source
of heating and reducing energy bills and carbon
emissions. In addition to the light coming into
the building through the new clerestory windows
around the new core, over 70 solar tubes (sun
pipes) are fitted into the new roof to bring natural
light directly into the working areas. Suspended
low-energy fluorescent lighting is triggered to
come on when natural light levels fall below 400
lux.

ZEs

Material
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New construction materials were reduced as

the main structure and the external walls of the
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existing building were being retained and re-
used. The extension utilised one of the existing
garden walls, and part of another, which was
partly demolished, stored and rebuilt as part
of the redevelopment. On site materials were
stored and crushed. They were then used for
granular fill across the site and under road bases.
Despite later been ruled out as not being cost
efficient, low-energy technologies were proposed.
However, materials were selected on the basis
of a Green Guide A rating. A new capping made
of aluminium to the old building is mirrored in
the extension. Lead was a new material used as a
softer material to tie in with the blue engineering
brick on the exterior fringe to the old building.

REEFNENX,

Heat and Ventilation

R 2> T 10 ASRBEAE X i AHY)
D T B T RE B g T AR R EAT T, A
HEUE SEAS F AR AR o T ) 1) T o 45) 22
TOB Tl T F N R & 1 o i S e N
TR BECE 1 2 B A A BT T,
The building is separated into 10 zones for
heating and fresh air control. The biomass boiler
in the plant room heats hot water. Ventilation
is entirely natural in the whole building. New
manual winding handles are fitted at the top of
the old windows and louvers in the clerestory are
designed to open automatically when temperature
exceed settings by 2 degree Celsius.
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Insulation has been increased in the old building
through replacing all the old Crittall single-
glazed windows with like for like double-glazed
alternatives. Due to height restrictions above the
ceiling in the old building, thermal mass has been
added to this part of the building through the
installation on the upper surface of the tongue and
groove boarding of a Smm layer of Phase Change
Material (PCM). When the room temperature
increases the PCM melts and absorbs and stores
heat. It releases the heat when the temperature
drops in the evening and overnight and the
material returns to solid. Not used before in an
office situation, this provides additional thermal
mass that is purportedly equivalent to 150mm of
concrete.
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Insulation has been increased in the old building
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through replacing all the old Crittall single-
glazed windows with like for like double-glazed
alternatives. Due to height restrictions above the
ceiling in the old building, thermal mass has been
added to this part of the building through the
installation on the upper surface of the tongue and
groove boarding of a Smm layer of Phase Change
Material (PCM). When the room temperature
increases the PCM melts and absorbs and stores
heat. It releases the heat when the temperature
drops in the evening and overnight and the
material returns to solid. Not used before in an
office situation, this provides additional thermal
mass that is purportedly equivalent to 150mm of
concrete.
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Control system
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The control system monitors the energy
performance of the entire building including its
temperature, humidity, carbon dioxide and light

levels etc.

Summary
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Arup have validated the accuracy of the original
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model that predicted yearly energy usage and
demonstrated that the daylighting scheme is
saving 60% of the electrical energy for lighting
annually compared with the previous building.
Modelling also predicts that heating costs will be
reduced by 30%.

BIRAE TAREAAT £ 2008 5% 4R
P T PR BE VA FH A v T H. k2 b BB T
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B
The project was subject to the 2008 Scottish
Technical standards for energy usage, which were
not only achieved but also significantly exceeded.
The refurbished building achieved a BREEAM
Excellent rating and EPC A-rating, an outstanding
achievement considering the restrictions imposed
by the original building.
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The operation of the biomass is managed by
Arup themselves, and they have taken time to
optimise its operation, turning it on at night so
as to fill up the buffer vessel of hot water ready
for distribution in the morning. The client also
acknowledges that Scotstoun House has re-

established its place within the Arup oeuvre of
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quality architecture.

ETEmEXRPO
Space Craigmillar, Edinburgh

Background
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Craigmillar Primary School was built in the
1930's. Now 'Grade B' listed, and following
the school's closure in 1999, the building
was fully refurbished by owners CastleRock
Edinvar in 2005, to provide 1,651m” of office
accommodation and 337m’of community arts
and theatre spaces.The building underwent
a change of use from a primary school to a
mixed-use office and community centre, during
early 2000” s, some refurbishment work was
undertaken with the addition of internal wall
insulation at various point across the front facade.
The exact make-up of the existing building

elements is not known, architect assumptions



have been used and comments have been made
based on drawings used in this report.
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In 2012, the Scottish Energy Centre at Edinburgh
Napier University was asked to identify potential
thermal improvements that could be made to the
building. It focusedupon two rooms, hereafter
referred to as a control room and a test room.
Both rooms occupy the same general location
within the building, frontal orientation and room
dimensions. The rooms are located beside one
another on the first floor. Each room measures
7.9m by 6.2m with one main entrance and four
1.2m by 1.9m timber sash and case windows.
To compensate for the difference in occupancy
the control room was artificially heated to a
similar level as that experienced in the test room.
Temperature loggers were deployed in both

rooms to validate the heat profile in the rooms.

Building Description, Design &
Construction
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Windows
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The windows in the control room are single
glazed, timber sash and case and are representative
of the windows all along the front facade.
The windows in the upgraded room were
improved by the installation of a toughened, low
emissivity secondary glazing unit, in an openable
uPVC frame. The secondary units were installed
internally, with an approx. 100mm air gap
between the units and the existing windows. A
radiant heat barrier and window blind were also
installed, between the glazing units.

ImEE

Walls
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The existing make-up of the south wall
construction, above the windows was: 500mm
pre-cast concrete lintel, 75mm unventilated air
gap, S0mm mineral wool insulation, 12.5mm
plasterboard on 50mm metal framing. Below
the window, the south wall construction
consisted of: 25mm roughcast external render,
230mm solid brickwork, 50mm mineral wool
insulation, 170mm unventilated air gap, 12.5mm
plasterboard internal lining. The north wall
construction, prior to any upgrades included:
25mm roughcast external render, 90mm solid
brickwork, 110mm cavity, 110mm brick,
50mm unventilated air gap, 50mm stud framing
with 12.5mm plasterboard. The mineral wool
insulation was added to internal faces of the
external walls during refurbishment in 2006.
SR JE, AR g DO B R U
L7 F R e o BN AT T AR R B
PRI T — 2 75 KA RRRET e 25 )7
FiA, FRAE 225 T 100 22K B R RRET 4E 4
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The existing make-up of the south wall
construction, above the windows was: 500mm
pre-cast concrete lintel, 7Smm unventilated air

gap, S0mm mineral wool insulation, 12.5mm
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plasterboard on 50mm metal framing. Below
the window, the south wall construction
consisted of: 25mm roughcast external render,
230mm solid brickwork, 5S0mm mineral wool
insulation, 170mm unventilated air gap, 12.5mm
plasterboard internal lining. The north wall
construction, prior to any upgrades included:
25mm roughcast external render, 90mm solid
brickwork, 110mm cavity, 110mm brick,
50mm unventilated air gap, SOmm stud framing
with 12.5mm plasterboard. The mineral wool
insulation was added to internal faces of the
external walls during refurbishment in 2006.
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The north wall areas, had blown bead insulation
pumped into the 110mm cavity, plus hemp
insulation was laid between and above the joists

at ceiling level as with the south wall.

Testing Measurement
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U-value measurement equipment was installed
in eight locations, across the two rooms on 24th
September 2012. Measurements were taken for

two weeks, then the results were analysed. The



methodology used, followed a well-established
format, using Hukseflux heat flux transducers as
per the details in the full case study.
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A thermographic survey was also conducted,
to display visually areas of heat loss through
the building fabric. Thermographic surveys can
help identify gaps in insulation or cold bridging.
There are specific environmental conditions
that are required to conduct a thermographic
survey, including internal/external temperature
differences and weather conditions. Download
the case study document on the right for full
details.
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Temperature probes were installed within the
space between the existing and secondary glazing

units, two on either side of the heat barrier blind.

Performance and Results

U ENEER

U-value measurements

(e I U AR S5 00 0 &5 SRR B, N4
B — Ik EOC R GG BN U HG LLEGE,
M52 B 0.6 W/m’K, XSl 45 R CORR
A% 22 BE VS o BT T R 1) JEC Ak 3880 Ko 00 5 Y
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Interim results from the U-value in-situ
measurements have shown that the addition

of Thermal Shield secondary glazing system
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improved the U-value of the glazing from 5.2 to
0.6 W/m’K. These figures were comparable with
measurements in other refurbishment monitoring
projects carried out by Scottish Energy Centre.
This suggests that the addition of the radiant heat
barrier blind has had no significant effect.

T 7 2 1) R 2 B rh A T R N A
J e O T i 22 o 8 SR Bl s AR e ) A 0 i 2
B2 HAE 1 4-5 miid, A58 B ) 1) et
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Interim results from the U-value in-situ
measurements have shown that the addition
of Thermal Shield secondary glazing system
improved the U-value of the glazing from 5.2 to
0.6 W/m’K. These figures were comparable with
measurements in other refurbishment monitoring
projects carried out by Scottish Energy Centre.
This suggests that the addition of the radiant heat
barrier blind has had no significant effect.

Oy T AR ANt A U AE,
e A RAER ) B J7 B ke A7 P B Ul
EACREN], BUOMEIN I RRRET 44t )20/ U
fEA 0.43W/m2K BG4 0.12W/m?K .
Heat flow mats were installed on the wall areas
above the suspended ceilings, to measure the
'control' and upgraded U-values of the fabric.
The measurements indicated that the addition of
the hemp insulation, improved the U-value from
0.43W/m?K to 0.24W/m2K. The area below the
window was also tested and also demonstrated

an improved thermal performance, with U-values
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reducing from 0.36W/m2K to 0.12W/m2K.

JEHG 1) U B R FE RN 1. 11W/m2K A 2
0.53W/m2K.  HR U fEA DA 5 BRAG, (R
IRAE I RIS B FYME
The south wall U-value was also reduced, from
1.11W/m2K to 0.53W/m?K. While a significant
reduction, this is not as low a value as had been
expected. Reasoning for this is detailed in the
'lessons' section.

R AR P R < R AR R
HARAeA L7 MR 5 AR R I AR
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Thermographic surveys on the control and
upgraded walls also showed a reduction in heat
loss from the areas above the suspended ceiling

tiles, and below the windows.

Summary

X8 M X RS AT s e 2k, YL T
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LR, IERRIZES R R RER B 48405 T
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Retrofitting insulation in isolated areas of wall
presented issues with maintaining continuity
of the thermal envelope. In addition, thermal
performance on the north wall was not as

improved as had been expected. This may be



for several reasons, including uncertainties due
to the short monitoring period, settling of the
blown insulation or external air infiltrating the
air gap. Thermographic images confirmed heat
loss through air leakage paths directly below
the suspended ceiling, which may result from a
problem with continuity and lapping of insulation.
B2 I A AR TR, 2
IS PR SRR RIX R . T TR AN 2
PR ZEBE N £10% IR, # o TF AT
U R SIS, & BT 2R BSGE Bk ]
SR B o
Further investigative work, including air tightness
testing will be conducted to explore and resolve
these issues. A longer period of U-value testing
will also be carried out, to reduce the errors to
within the £ 10% uncertainty level. Overall, the
upgrades to the windows have been found to be

particularly successful.

T E&EReNFRHO
Edinburgh Centre for Carbon Innovation,
Edinburgh

Background
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The Edinburgh Centre for Carbon Innovation
(ECC]) is a hub for the knowledge, innovation
and skills required to create a low carbon
economy. Hosted by the University of Edinburgh,
in partnership with Heriot-Watt University and
Edinburgh Napier University, the ECCI supports
Government policy implementation, enhances
business enterprise and innovation and delivers
professional skills training.

i3 BCCI B KB 1 TRE A 2012 £E 1) —
IR BERBIREST TSR H 52 T 88 R IH
et AL SR D AT BB DX BEETT
WFE . RSP RIAEAT G 30 2 L
Work began on the construction of ECCI's new
premises in February 2012. This case study
covers the refurbishment and remodelling of
space in the University of Edinburgh’ s Old
High School in High School Yards to create an
innovation suite, lecture theatres, seminar rooms,
exhibition and social space.
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Work began on the construction of ECCI's new
premises in February 2012. This case study
covers the refurbishment and remodelling of
space in the University of Edinburgh’ s Old
High School in High School Yards to create an
innovation suite, lecture theatres, seminar rooms,
exhibition and social space.
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The objective was to create a low energy and
highly efficient building targeting a minimum
BREEAM rating of ‘Excellent’ and an
aspirational rating of ‘Outstanding’ . The ECCI
would be the first listed or refurbished building to

be awarded 'Outstanding' if it is achieved.

Building Description, Design &
Construction

s

Fabric

ECCI [f8ui& TRER X PN B i 30
IH 2 R g AN gk . 72 BCCT 23U 55 14
JESERPIAS 18 LRI, T 18 Al
WAL, — e LR I IR
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The ECCI refurbishment project involved a major
alteration and extension of the Grade B listed,
Old High School. Where a pair of historic 18th
century buildings had been lost, next to the rear
ECCI building, a new café building has been
created, with meeting/office spaces above. A
generous opening within the lecture and teaching
space reinforces a new connection to the adjacent

courtyard.
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The main structure, inserted within the atrium
and all new construction areas, is a Cross
Laminated Timber frame (CLT) and CLT floor
panels system. CLT is said to lock in around
4-5 times more carbon than it takes to produce.
The Structural Engineer assessed steel structural
beams removed from the existing building;
many could be reused as supports within the
construction.

L. [ Cullaloe A1 Blaxter 41 fiff 1. 2 £ &
193] TR T IE R . AR
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AR A T (Y A P RS DX ) R 34 £
FEARET
The existing Cullaloe and Blaxter stonework has
been carefully and conservatively repaired. The
‘base’ course to the new construction areas
is also constructed in Cullaloe stone from Fife.
Locally sourced stone is durable and repairable.
The upper levels of the new construction are

covered in bronze cladding (80% copper and 20%



tin). This is lightweight reducing demand on the
structure. It is a durable and a recyclable material.
The existing sash windows have been retained
and repaired with additional draft proofing and
the installation of slim line double glazed units in
some areas.Deep composite timber studs support
the external wall construction. The internal
partitions are also timber stud.

e TR L i A 5 PR A 2T 4 A A
Pty o J2 A I T e AL . 28RS M
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Insulation is a combination of flexible wood
fibre batts and rigid fibreboard with an airtight
layer internally. The wall construction is vapour
open, allowing moisture to move from both
inside the building, and from within the wall
construction, to the outside. This improves the

internal environment and also the health of the
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Chapter Three Case Studies

construction.
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Internal finishes use timber for floors, ceilings
and many wall linings. Other floors use linoleum
(from natural sources) and carpets. Paint finishes
are water based and have high breathability
to work in conjunction with the vapour open
external wall construction.

BN

Ventilation
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The ventilation strategy is primarily passive
natural ventilation. An air source heat exchanger

also supplies limited chilled beam cooling to
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some rooms. Cooling and displacement air
are only in high occupancy rooms (e.g. lecture
theatres).

KK

Lighting

AN AT AN A AT B A AR BERE (2
5 LEDs) “WRENT, Ay DI il A A% s
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Internal and external lighting is low energy
(including LEDs) throughout, with zoned control
and use of sensors to limit usage. Daylight studies
were carried out at design stage to maximise
natural light and reduce areas of summer
overheating.

ERAK

Water
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All sanitary appliances are low water usage.
Rainwater harvesting was intended to be installed,
until 14th Century archaeology discovered on site
inhibited the location of storage tanks. Permeable
landscaping and an increase of soft landscaping
are also used to control and divert surface water.
CHP
DI CHP RS0 T g A e
SRR T )RR S T 1 R e A G AR (o
TR 30 ~F 752K
A district CHP system is installed to provide
heating and power. Photovoltaic panels (covering
30m?2) were also installed on the south facing roof

surfaces of the rear building.
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4.1 Key Assumption
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As illustrated in the Chapter Three, the design

of low carbon buildings are site specific.

According to research from Qiu (2007), the
energy consumption in these building are 70-
300kWh/m” per annum. The study develops a
generic model for assessing the economic value
of keeping the low carbon retrofit option open
by using data from Edinburgh Centre for Carbon
Innovation. Basic assumptions (e.g. building life,
rental cost, discount factor and additional costs)
and data calculated from ECCI reports are shown
in Table 4-1 and Table 4-2. The total cost is GBP
6.1 million for 20 months of contract duration
and the total area is 4790 m’. The economic
life assumption is 50 years. The baseline gas
consumption is 127.4 kWh thermal per m” per
year and the baseline electricity consumption is
56 kWh per m’ per year . The baseline carbon
emissions is calculation as 0.05 tCO, per year
using conversion factors given by DEFRA
.Carbon emission reduced to 0.04 tCO, per year
after retrofitting. The baseline local rental cost at
Edinburgh is GBP 100/m” in 2016. The retrofit
cost is calculated from information above as GBP

764/m’annually.
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Table 412FITERIERESMRIR
Table 4-1 Static Assumptions for Economic Assessment
WA AL e
Static Assumptions Unit I
o t "
Building Life Years
RN UNFEAE L TR PR 1274
Baseline Gas Consumption kWh/m® per year ’
BRI R IR AR TR AP T KRR g
LCB Gas Consumption KWh/m” per year
AL TR A s
LCB Gas Consumption KWh/m® per year
JERBRIEFTIT HL ) #E R NA R S S 43
LCB Electricity Consumption kKWh/m” per year
WO, WS OREE o
Baseline Carbon Emissions tCO,/m’ per year ’
HUHLIES: TR 100
Baseline Rental Cost GBP/m’ per year
S ARG P IR 764
Baseline Retrofit Cost GBP/m’
Pl
Discount Factor 6%
ARSI i A
(BEE R FEGET J5 KB 0
Additional Building O&M GBP/m’ per year

Cost (retrofit)

VT AR HU) SOE AAE 2016 4N
BV OK 764 B2, RN 27 2 %00 20% (fi

BERE AR 20% 11 FSCAS (5 T S5 5L P A% 1) 42 BRAIG
BRI SUTT AED o MR A BRAGAR H 3R ] 7 2 i
BN 120 J3 V5K WIaa il (REFEAET
JiAK 100 He85) KN 3% MR, H
RIS 20% FIBRIEZE N 5% AL A
ECCI ) 6 B AN[F] ] AL B3 I 262 80% 417
ARV S AR FAVER SRR S IPI 46
LB R 20% , BIREAE AR J5K 145 9885
AR BB TR F R RN A% Ay 22 3
I3 IS L AR T S A A%

The low carbon retrofit cost is GBP 764 / m

2

in 2016 with assumed learning rate of 20%,
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i.e. assuming 20% cost reduction per doubling
of global capacity in low carbon building. The
initial global low carbon building capacity is
assumed as 1.2 million m’. The initial market rent
(GBP 100/m’ per year) is assumed to grow at 3%
with a mean reverting rate of 20% and a standard
deviation of 5%.The rental cost is calculated
using 80% occupancy rate of six different types
of rooms and facilities in ECCI. Thus rental
revenue is calculated as GBP 145/m’ per year .
We also assume the gas, electricity and carbon

prices based on the local market environment.

Table 4-2 5 TEAIRENRIR

Table 4-2 Stochastic Assumptions for Economic Assessment

i

B i o SEEE IR [EECE SN
St X L0 LEBM
ochastic Unit Base Learning Drift Mean Standard
Assumptions Value Rate Reverting Deviation
Rate
(9735 S T ——
s B
BOLRA ik e 20%
LCB Retrofit )
GBP/m
Cost
SEERAGHK
LR Pk
Global LCB o 1200000 3% 5% 3%
Capacity
ek
ISP SH:
Mﬁj_%{ﬂ?ﬁ ; 100 3% 20% 5%
arket Rent Gpp/m? per
year
4 pas
RIS 1y ety
LCB Market P 145 5% 20% 5%
Rent m per
year
- FEEIR T
32% ;ﬁ.ﬁg I 20 1% 50% 10%
A HCC - GBP/MWh
e BB
Electricity o 60 1% 50% 10%
Price GBP/MWh
P
- —
{371 | = 10 5% 20% 20%

Carbon Price Tk
GBP/CO,
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Figure 4—1 Simulated Option Value for Low Carbon Retrofit (10000 trials)
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The estimated option value of low carbon retrofit
(Figure 4-1) is GBP 413.8per m’. In other word,
a new building if designed in low carbon retrofit
readiness, could increase the economic value by
GBP 413.8 per m’. The estimated present value of
option payoff ranges from negative GBP 103.5 to
positive GBP 944.7. Approximately 75% chance,

low carbon building retrofit will provide a higher

than GBP 500 payoff.

Figure 4-1 Simulated Option Value for
Low Carbon Retrofit (10000 trials)

SRR SR T A T LR SR ROy
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kD> B UK 22.8 BB (K 4-3). #HL
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The study tests a number of scenarios. If there
is no rent increase benefit (i.e. only driven by
carbon and fuel cost saving), the option value
is dramatically reduced to negative GBP 19.9/
m’ (Table 4-3). If there is no fuel saving benefit,
the option value is reduced to GBP 378.92 /m’.
The initial cost assumption for retrofit influences
the option value, when the initial retrofit capital
cost is increased to GBP1000/m’, the option
value is reduced to GBP 177.44/m’. If the initial
retrofitting cost increase to GBP 1100 / m’, the
option value is further decreased toGBP 77.78/
m’. When the initial retrofitting cost exceeds GBP
1200 /m’, the option values renders a negative

figure.

* 4-3UUEMMERESITRIER (10,0000%158)
B 8F¥5XK
Table 4-3 Option Values of Scenario Analysis (10,000 trials)
unit: per m?

HEATAR B ciiss 5 AL 4 o1
No Rent Increase after LCB Retrofit

GBP -22.8

ToIREL A
T HE R 32 5 R
No Fuel, Electricity and Carbon
Saving Benefit

GBP 379.02

VIR A AN 764558551 n %)
10005 BEAEF- 5 K
Increase from GBP 764 to GBP 1000
/m’ initial retrofit cost

GBP 175.09

IR AR AN 764 545 384 i 5] GBP75
11003 B5E1- 7K
Increase from GBP 764 to GBP 1000
/m’ initial retrofit cost

WIAH TS AR N 7645845 58 n 2
1200585 55T J5 K
Increase from GBP 764 to GBP 1200
/m’ initial retrofit cost

GBP -24.9

4.4 Key Implications
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The generic analyses provide the following
preliminary implications for future studies and
policy makers:

- % T AT SR OE (R
FEFHAERR A 2 BAT B RS IE I .
-There is substantial financial value of retrofitting
a building in Edinburgh to low carbon design
captured over the lifetime

- T M S SR SO AR BB BE T R 22 B AT ATk
FE T BRI AR i .

-The economic viable chance of retrofitting a
commercial building to low carbon design in
Edinburgh is very high

- [ TR REL < 8 00 P A P 28 A A e 5
DRSS e P
-The economic viable chance of retrofitting a
commercial building to low carbon design in
Edinburgh is very high

- RSB T R SR B 83 T S 15 T I
A8 JRE ARG G B0 R 2080 18 BB Y A it 22 %
HE,

-It is critical to enable a policy to mandate new
commercial building to keep low carbon retrofit
options open and avoid the carbon lock-in effect

- VA SR A AR B BE VT 12— A vk
R AT 2R 1 o
-It is critical to enable a policy to mandate new
commercial building to keep low carbon retrofit

options open and avoid the carbon lock-in effect
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