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The built environment: from unit to city-scale




Dynamic Building Energy Simulation:

Characteristics:

« 3-dimensional
representation of building
form and heat transfer

« Solution of energy balance
equations at small
intervals (e.g., hourly) over
an entire year

Caveats:

* Requires 3D building
geometry data

* Requires sensible inputs
for hourly energy services
demand
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Selectlocation or get current view from Google Earth
City:[Boston
Latitude: <237 degrees{decimal)
Longitude:| 7102 degrees(decimal)

Building Construction Set: click here to edit

Building Type: | Office !
Building HVAC Service: |V AV Dual Duct =~
Total areas ( m?): Floor = 162.17, Wall = 413.12, Glazed = 100.28

Cancel | save |




Westminster Annual Heat Intensity
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Spot Check 1: Polygon G9527333 - Office
(NE Corner of Regent St. and Great Marlborough St.)

Generated IDF (Wei's script) GIS Data

= 1/ N
Google StreetView
! LF AT

« This polygon
represents the top
three floors of the

corner suite (14.5 min
height). It is an office
situated above a
Banana Republic retalil T . |
outlet il i




Spot Check 2: Polygon G9532901 - Office
(NW Corner of St James Place, Alongside Hyde Park)

Generated IDF (Wei's GIS Data

» This is a complete
building with partial
exposure on side
facades, and full
exposure on front and
rear facades.
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Spot Check 1: Polygon G9527333 - Office
(NE Corner of Regent St. and Great Marlborough St.)

Input Data (as sampled)

Floor Area (m2) Occupant Density (m2/pers) 9.009009009
Shape Area (m2) 517.5 Occupant Metabolic Rate (W) 123
Number Floors 1 Lighting Intensity (W/m?2) 15
Vertical location top Equipment intensity (W/m?2) 11
Floor height (m) 13.5 Gains Schedule File GAINS_OFF.csv
Wall U value (W/m2K) 0.9286659 Wielkes Use e Zaplligndlngs 1
(1=yes,0=no0)

Ground floor U value (W/m2K) 2.963241 Required illuminance (400 lux) 400
Roof U-value (W/m2K) 2.504509 AC or NV? NV
Window U-value (W/m2K) 5.610624 Setpoints Schedule File SETPTS_OFF.csv
e/ SlleE o Veniltation Rate (ACH) 0.01
Window-Wall-Ratio 0.4420269 Heat Recovery (1=yes, 0=no) 1

e
Infiltration rate (ACH) 0.478629 qDHW requirements (L/pers/day) 0.2 (%15
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Geothermal Potential Around Buildings
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Necessary Features and Associated Challenges

e Desired Features:
— Transportable;

— Incremental;
— Usable;

— Physics based, w/ individual buildings and streets as unit of analysis;
— Calibrated to better represent reality;
— Incorporation of first and second order uncertainties is important!

* Challenges:
— Scaling up (or scaling down) is prohibitive;
— Data/information is often incomplete or not available;
— Model fidelity is difficult to gauge/prove;
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SUSDEM: Stochastic Urban-scale Domestic Energy Model

approximately 15,000 social households in Manchester, UK
Sponsor: City West Housing Trust ;__jf

i
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Analogy: populations

UK housing stock:
Retrofit options Medical procedures
Energy saved QALYs
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% of total

Building Structural Construction g,0; area.

class type age St @i
Ziil Zf=1 Tij

1 Flat 1870-1914 0.4

2 Terraced 1870-1914 21.1

3 Senu 1870-1914 4.2 n

4 Deuched  1870-1914 5o Clustering

5 Flat 1914-1945 0.3

6 Terraced 1914-1945 0.2 HousehOldS by
7 Semui 1914-1945 25.9

8 Detached 1914-1945 2.0 StruCture & Age
9 Flat 1945-1964 1.8

10 Terraced 1945-1964 1.4

11 Semi 1945-1964 10.5

12 Detached 1945-1964 0.4

13 Flat 1964-1979 3.2

14 Terraced 1964-1979 5.4

15 Semi 1964-1979 3.9

16 Detached 1964-1979 3.0

17 Flat 1979-2011 1.0

18 Terraced 1979-2011 1.4

19 Cottage flat 1979-2011 4.3
20 Semi 1979-2011 1.4
21 Detached 1979-2011 3 4 Energy Efficient Cities initistive gy CAMBRIDGE




Hierarchical Urban Scale Analysis

1) The housing stock is split
into separate sub-groups or
"clusters" of homogeneous
dwellings, e.g. flats and semi-
detached houses

2) For each cluster, priors of
the calibration parameters
are estimated to represent
2nd-order uncertainty. These
distributions are then
calibrated to create
posteriors.

3) A sample from the
posteriors in (2) is used as a
parameter (e.g. l,,) to define
the 1st-order uncertainty for
each calibration parameter
for each cluster

Flats

01 = y(ula’ O'1a)

02 = N(HZa’ O-Za)
1

Energy demand for Energy demand for
flats semi-detached houses

1

Semi-detached houses

Semi-detached houses
0, = a(Uyy, o1p)

0, = B(Map, 02p)
]
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Clustering

2"d-order
uncertainty

1st-order
uncertainty
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3: Bayesian
calibration of
uncertain parameters
in energy model

parameter a parameter b

4(a): Sample
from posterior
distributions

4(b): Calculate
energy demands
for n dwellings
and R retrofit
scenarios

Baseline
scenario:

Dwelling 1
Dwelling 2

Retrofit
scenario 1:

Dwelling 1
Dwelling 2

Dwelling n

Dwelling n

Retrofit

scenario R:

Dwelling 1
Dwelling 2

Dwelling n

5: Calculate
average energy
demand for each
sample and
energy savings
for each retrofit
scenario
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Cluster housing stock into | ...
homogeneous sub-groups f---------=-----==-=wsomeoy
of dwellings )

I‘l)l'j, small-sample of dwellings in each sub -group
H L

VNN

“ . CEN-1S0 \|

. ( Input data from EPCs [ based energy |}

The Promise of ‘. 2 e N
SN~ e el == Prior distributions of ;

uncertain parameters

Data.... o=
i Ve ;

\ .

| ! Energy . Energy

I consumption \ Bayesian consumption :

- The ownersdo ' | S T
| M 7

~ i

not have access
toreleyvant |  Lb—Jd
information :/ T o catibation of ather

[ sub - groups of dwellings

Posterior distributions of
uncertain parameters

'
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: \ based energy model /
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| . Retrofit
i For a large, repres?ntatlve Energy consumption prediction for technology
i saml]:le of the housing sample dwellings options |

stoc :

Monte Carlo \ |
Sf:ale rest-llts for economic i
entire housing stock cost model E

i <Cost -benefit analysis of\

For the entire retrofit technology optiory
S | | oysing stock
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Data Collection
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Energy Performance Certificate

DCLG’s EPC Register

Dwelling type: Detached house
Property Date of assessment: 02 February 2007
Address

Date of certificate [dd mmmm yyyy]

Reference number 0000-0000-0000-0000-0000

Tolal Roor area. 166 nv?

This home’'s performance 15 rated in terms of the energy use per square metre of floor area, energy efficiency
based on fuel costs and environmental impact based on carbon dioxde (CO;) emissions

Energy Efficiency Rating Environmental Impact {CO2) Rating

I Currena | Poscntial Current | Potentiad

Very anargy 6RO - (Gnear /vty couts

Summary (Domestic sector)

Very enviroanantaly fresdy - iowar 00, eaxaseses)

LA

* Includes building construction
information (wall type, window
type, etc.)

s 69

* Includes heating system type @

NTE 0agy S0t « NS VNG S0608

ovmantedy franidy

o

England & Wales

CO; eomzsang

EU Duecive
200291 EC

England & Wales

EU Dyectve
200291 €EC

* Needs translation of qualitative
information into quantitative model
input parameters

Inputs for Energy Model

The energy efficiency rating 1s a measure of the
overall efficiency of a home, The higher the rating
the more energy efficient the home is and the
lower the fuel bilis will be

The environmental impact rating is a measure of a
home's impact on the envircnment i terms of
carbon dioxide (CO3) emissions. The higher the
rating the less impact #t has on the environment

Estimated energy use, carbon dioxide (CO2) emissions and fuel costs of this home

Currant Potential
Energy Use 453 KWh'm? per year 178 k¥Wh'm? per year
Carbon dowde emissions 13 tonnes per year 4.9 tonnes per year
Lighting £81 per yaar £65 per yam
Heating £1173 per year €457 per year
Hot water £219 per year £104 per year

Based on standardised assumplions about occupancy, heating pattems and geographical location, the above
table provides an indication of how much it will cost (o provide Bghting, heating and hot waler to this home
The fuef cosls only take into account the cost of fuel and not any associated service, maintenance or safety
inspection. This certificate has been provided for comparative purposes only and enables one home to be

compared with another. Always check the date the
over time and energy saving recommendations will

certificate was issued, because fuel prices can increase
avolve

To see how this home can achieve its polential ratmg please see the recommended measures

Remember 1o look for the energy saving recommended 1ogo when buying energy-efficient
products. #'s & quick and easy way o xenftify the most energy-efficent products on the market

For adwce on how 10 lake action and 10 fingd out about offers avalable 1o help make your homeo

more anergy efficiant, call 0800 512

012 or wsit www.energysavingtrust.org.ukfmyhome




DECC’s Sub-national energy statistics

12344 - 15098 3151-3701

15099 - 17315 3701- 4225

17316 - 21081 4225 - 5038

o B 21082 - 27945 W7 [ll5038 - 6240
ONSUMPTION

GAS CONSUMPTION
=" (kWh/year/household)

Annual Observations, but by districts (not individual houses)
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GIS Mapping Databases

File Edit ‘view Bookmarks Insert Selection Geoprocessing  Customize  Windows

OREdS L BB x| 2 o db-|[1400
QAL QI e B T n)@ 7 E

Table

Help
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TOTALFLOOR | ~

- B By O x

Salford buildings

LLSOACOD | HGT | B_CLASS | AGE | TYPE | AREA | FLOORS
_|Eotonsess | 824 B5| 5| 11| 4B14125 2
_|EotonseEs | s.1 65| 5| 11| 47s7E2s 2
_|Eotonsess | 845 B5| 5| 11| 48E3s 2
_|E0tonsEES | &6 65| & 11| 4871625 2
_|eotoosess | 826 85| 5| 1 43665 2
_|Eotonsess | 848 B5| 5| 11| 4485825 2
_|E0tonsees | &6 65| & 11| 5284425 2
_|Eotoosess | 95 85| 5| 1| 4apo7s 2
_|E0tonsees | 883 65| & 11 48.835 2
_|Eotonsees | 873 65 5| 1 48.52 2
_|Eotonsess | 903 65| 5| 11| 5020825 2
_|E0TO0S6ES | &A1 B4 5| 10 59.43 2
_|Eotonsess | 824 B4 5| 10| 62135 2
_|Eotonsess | 863 B4 5| 10| 5843825 2
_|Eotonsees | 788 64| 5| 10| 6098375 2
_|Eotonsess | 886 B5| 5| 11| 4740375 2
_|E0tonsees | &89 65| & 11| 479675 2
_|eotoosess | 777 B4 5| 10 4862 2
_|Eotonsess | 848 64| 5| 10| 451025 2
_|Eotonsees | 773 65| & 11 49.86 2
_|Eotonsess | 773 85| 5| 1| 473975 2
_|E0tonsees | 887 65| & 11| 4BEITS 2
_|Eotoosess | 724 65| & 11| s0p225 2
_|Eotonsess | 752 B5| 5| 1 48.445 2
_|E0to0sT40 | B64 23| 3 7| 6165625 2
_|Eotoos7an 10385 101 7 a| 6626835 3
_|Eotons7a0 (1044 101 7 9] Bs74TT 3
_|E0to0s740  [10.36 101 7 9] 540938 3
_|Eotons7an | @83 101 7 ] 51.41 3
_|E0tons740 [ 10.08 101 7 9] 554801 3
_|Eotoos7an 1045 101 7 al o428 3
_|eotons7os | 752 105 7| 13| 72H6B4 2
_|EotonsTos | 764 105 7] 13| BG.3266 2
_|EotoosTas | 74 105 7| 13| 6589775 2
_|EotonsTos | 726 105 7] 13| 7319485 2
_|eotoosros | 7 105 7| 13| 7325485 2
_|eotonsros | 7 105 7| 13| 67O7EES 2
_|Eotonsros | 7a 105 7] 13| 7aB1S 2
_|eotoosTos | 784 108 7| 13| 723945 2
_|EotonsTos | 734 105 7| 13| 7346575 2
_|Eotonsros | 6 105 7] 13| 453036 1

E1005705 | 748 108 7] 13| 7154805 2
<

9228250
93132496
o7 264999
99432503
a7 370003
89.716499
103 G55496
99214996
H7 BEI9S5
97040001
100.412495
118.8680001
124 269997
118272499
121 967499
94 807503
93 9349495
97 239995
90205002
93.720001
94 794995
A7 335003
101 245003
96 839999
1233123
193.305046
197 243111
162281399
154,23
166 440296
282.36541
145328003
132 637196
131 995495
146 359593
146509903
1341577
147 229396
144 733001
146 931503
43,3036
143897903 ¥
¥
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from DECC LLSOA annual REGRESSION
energy use
v
g . Regression estimate of
from geospatial Bulldl_ng Bayesian anfflual energy use for
mapping data dimensions regression cach dwelling type
Building class (e.g.
dwelling type and age)
for engineering -based model CALIBRATION
I
b4

Priors of uncertain
input parameters
(e.g. heating set -
point temperature

and infiltration rate)

Value of known

Posteriors of

input parameters

Cost-benefit
analysis of retrofit
technologies

Bayesian uncertain input
calibration parameters for each
- dwelling type
Engineering -based
.| estimate of energy
” use for each
dwelling type
{ RETROFIT
ANALYSIS
Probabilistic bottom-up

engineering-based housing
stock energy model

Data Generation

Efficient Cities initiative
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Generating Virtual Data for Calibration

Full Model

N
Ey = EUIG).PAG, k) + =
t=1
nsubt;
BEULGE) = > EUL().PA ()
i=1

Macro-level Data

ayesian Regression

N(Ekao-z)a kzlaaD

Ej, = BUI(1).PA(L, k) + - - + EUI(N).PA(N, k) Prior
—— Quantity of Interest Beliefs
Prior Estimates R
Energy Use Intensity per
o2 ~ Gammal(z, y) .:; - R =8 UNIVERSITY OF
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Priors from recent studies

0.03
2 w— prior
0.025 |- :l \',“ ::; E:ztrerior |
002k ' ,'n', \ = = =, posteior] Two Conflicting Sets
| ;' ' ". of Priors
(|

0.015

0.01

0.005

0 ' :
100 150 200 250 300 350
e, (KWh/m?/year)

with two separate sets of priors
EUI of 1914-1964 semi-detached houses
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Predicted energy savings

Projections of energy prices
(DECC)

Fommemm e

Discount rate

k)
S Net-present Lifetime financial
% value analysis savings

Projections of emission
intensities (CCC)

_________________

Initial thermal conditions
(from calibrated parameters)

W
,‘r/_ Emissions Lifetime emissions
'ﬁ'\_ sub-model reduction

Temperature takeback
function [Milne and
Boardman, 2000)

Dwelling information (EPCs)

| 3§ B B B B B B B B B B

Per unit installation costs
(BRE, EST, BRIC)

Installation costs

Tem PET'H“' re Temperature
takeback P
takeback
sub-model

Costs
sub-model

/ Multi-attribute utility functmn\
\ for retrofit decision making




Incorporating rebound effect

Baseline
Post—retrofit (no takeback)
Post—retrofit (with takeback)
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Implications for the Green Deal

I
o
|

Uncertainty in Cost-
Effectiveness of
Retrofit Measures

%)
Ln
T

1w
o
T

o]
()]
|

Ln
I

Double glazing
Loft insulation
Condensing boiler

x  Wall insulation

o Draught proofing

Mmoo m All measures combined

Effectiveness
ratio=1

=
T

n

Installation Costs of Retrofit Measure, (£ per m’ dwelling area)
[ye]
(=]

5 10 15 20 25 30 35 40
Net—Present Value of Energy Savings, (£ per nf dwelling area)

Cost-effectiveness plane of 5 retrofit measures
for 2,300 semi-detached houses built in 1914-45




Double glazing Loft insulation Condenzing boiler + Wall insulation Draught proofing All measures combined

Installation Costs of Retrofit Measure

Installation Costs of Retrofit Measure

j{:l =

=

3

(£ per m” dwelling area)

=

2

(£ per m” dwelling area)
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Net-Present Value of Energy Savings, £ per ni dwelling area Met=Present "'.-ralLlf_' aof Energ:.r_ﬂawngs. £ per ni dwelling area
(pre=1214 terraced houses) (19451964 semi—detached houses)
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Influence of subsidies on iInvestments

100 -
s S
s - S
' ~
N \ <
* I i
2 80 & S
z C :
= R4 S
2 60 i’
72 : S |
[ \‘ <
2 ¢ )
7 o i Double glazing
8—4 ‘40 '\‘ 3 3 T
Ve = = = Loft insulation
S
o Condensing boiler
= /= = Wall insulation
o 20r _ -
= memms Draught proofing
& All measures combined
Oloaraiaria, .. Mo Loy I 1
0 0.2 0.4 0.6 0.8 1

Proportion of installation cost subsidised
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Valuation of improvements

U=NPV;5r+B8.CO, + AT

100 w 100 e = e e
N\

= 90 1111111 Double glazing = 90r 0\. W
;/:\’ g0l = = = Loft insulation | B sok . " RTCTARY |
& Condensing boiler =9 N \\\\\‘\\

E 70+ '=imiWall insulation gmim \ @ E‘ 70+ : \\\\\\\ i
g s Draught proofing oo\ ™ g N S

— 601 . w®! 1 — 60F = N 7
8 All measures combined L = N N

2 S = S >

g 50- .\-\‘\-|‘ - g 50 ';. \\\\\ _
= \ = >

Z 40l .\‘\-\-\‘ 1 % 40y 7 111 Double glazing 1

\ < . .

= . by S = = =] oft insulation

@ 301 - © 30r N _ _ _

2 S, S Condensing boiler

£ ot 1 £ 20t N 'm | m1 Wall insulation 1

o

S o N s Draught proofing

Y 10 4 Q"i 101 " ) 4
A T o All measures combined

0 Levmieninnss ERETEIA I 1 1
O lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll Lt i i mmi i1y
0 001 002 003 004 005 006 . 007 0 2 4 6 8 10
Value of improved heating conditions
Value of CO, emissions (£ per kgCO,) (£ per % increase in average heating conditions)
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(1) Cluster housing Flats \l/ Pre-1914
stock into building Detached 1914-45
classes by structural Semi-detached 1_914'45 1945-64
type and construction 4 Semi-detached 1964-79
age Terrace building class 1979-present

003~

prior |
0.025F prior 2
(2) Bayesian regression o02r posterior
using district level data o015
to synthesise building
level “observations” for oo
each building class 0.0051 /\
. e, o J
100 150 200 250 300 350

Energy intensity (kWhlmzfyear)

(3) Bayesian
calibration of uncertain
parameters in
engineering-based
building level model
using synthetic data

o5 oe o7 o8 0e
©, - Gverall heating system
costliclent of perormancs

1

. - 14 25
—rior Ty — prior ——— prior
04} = = —posterior 4 % 12} = = = poaterior 2 = = = poaterior
»
. 10
» 15
Y 8
X e 1
4
05
2
o
5 ET) 25 o 5 o 7 2 3 ) 5 &
6, - Intarnal set point temperature (© ) 0, - Fraction of time/space that s heated 6, - Average sir leakage @ S0P
(rs/m? envelope area)
25 2
———prior ——— prior
2| = = —poswror 2 o, = = =posterior
. 15
1.5 T
. 1
1 .
A
0.5 S o5
o

o L
02 025 03 035 04 15 2 25 3 as

8, - Average window-to-wall ratio

8, - Double glazing U-value (wim <)

o3 q Ting
(4) Probabilistic . - Retatit
g0 0 3 - r
sensitivity analysis oo K
using Monte Carlo 0.03 '.'
simulation to K
. r
propagate uncertainty 0 ;
through the model and 001 -
quantify uncertainty in o
the Outputs Yoo 150 200 250
Energy intensity (kWh/mYyear)
L] 100 - =
(5) Calculate energy 35 o _1";’,‘::,,@],.,‘;
savings by subtracting on B v — el
: i < n —— Draught proofing

retrofit demands from Epe g All measures combined
baseline demand and % » g 50
compare retrofit £is + Double gasing i

. g Loft insulation g 30
measures using G Contensing ot g

. . I Wall imsylation: ~
Bayesian multi- s ! Drughtpemfivg 10
- ] P ——————. 1 All measures combinged

attribute utility theory T A N R % 0s 2 25

Effects, AKWhim iysar)

1 15
Ciling C-E ratio, 2
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