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Global costs [€/m2]

Background and Motivation

According to the European Energy Performance of Buildings Directive (EPBD
2010/31/EV), all EU-Member states are obliged to continuously (at least every
5 years) apply analysis on cost-optimal levels of minimum energy performance
requirements towards nearly/Net Zero Energy Buildings (nZEBS).
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LCC difference [Euro/m?]

Simulation-Based Optimization (Traditional )
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Source: Hamdy M., Hasan A. (2013). A Holistic Simulation-Based Optimization Approach for Dimentioning Cost Optimal
and nearly-Zero-Energy Buildings. 1st IBPSA-Egypt Conference, Building Simulation Cairo 2013. 23rd- 24th June 2013.
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A Question

The cost-optimal solution
depends on ....... "?°?
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The Cost-Optimal Solution Depends on.......7?

1- The possible design/operation options (Solution-Space)
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Source: Hasan, Ala; Palonen, M.; Hamdy, M. (2014). Simulation-based optimization for energy and buildings. World Renewable Energy
Congress Xlll, WREC 2014, 3 - 8 August 2014, London, United Kingdom. World Renewable Energy Network WREN (2014), 7 p.
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Global cost [Euro/m]

The Cost-Optimal Solution Depends on.......7?

2- technical assumptions as well as financial and climate scenario (e.g., lifespan,

Interest rate, decline rate of technology price, etc.,)
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The Cost-Optimal Solution Depends on.......7?

The cost-optimal The complexity of finding robust cost-

solution is function of :

optimal solution increases as long as :

'the solution-space expands
because of the new
technologies .

\ \ 5 Optimization-based
! ‘the scenarios increase
seeking for robust cost-
‘optimal solution

Sensitivity Analysis
o ) Optimal desicion
Optimization-based (e.g., cost optimal
Sensitivity Analysis investment cost) O
Senariol  Senario 2 Senario 3
Inflationrate : 5% 2% 0%
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Traditional Simulation-Based Optimization
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A Multi-aid Optimization Scheme (MAOS)
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A Multi-aid Optimization Scheme (MAOS)
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Hamdy M., Sirén K. (2015). A Multi-Aid Optimization Scheme for Large-scale Investigation of Cost-optimality and Energy

Performance of Buildings. Journal of Building Performance Simulation. ISSN: 1940-1493 (Print) 1940-1507 (Online)
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The Multi-tool Calculation Engine (Grouping)

Detailed building Simulation (IDA ICE 4.0) |« Packages of building envelopes (X1)
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S| Aty AT
Tor (— Systems -
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My L —
s sl
Economic Energy pace Tuzr

heating
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Tank size (X5)
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....................................................................................................................................................... l Ig‘ Ele. for neating
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Ele. C .
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A Case Study / The Building

Figure 5 The studied single-family house. The small windows (red) are operable for free cooling to provide
natural ventilation in summer.
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A Case Study / Solution-Space

days)

Decision variables X | Possible options No. | Costs
From PBenv. 1 (standard building -
Package of building envelope - envelope acc. to C3 [46]) to PBenv 8 From 8,000 €,
" X1 LT - . 8 to
(PBenv.) (Passive house’s building envelope acc. to .
[43]). 17.000 €,
Standard (Incandescent lighting +
Efficiency of lighting and 0 appliance energy-class A) or 5 According to
5 appliances . High efficient (mix of fluorescent and - [4 and 3]
E': Incandescent lighting + energy-class A++)
W Tvoe of heat recovery unit Cross-flow heat exchanger  (60%) 1,500 €,
= ( 31};'1 ciency %) - X3 Cross-flow heat exchanger  (70%) 3 2000 €,
7 Fegenerative heat exchanger (80 %) 2,500 € [
Efficiency of auxiliary systems - - - 800 €,
(fans and pumps) X4 | 600r80% 2| 1500€,
Size of buffering tank X5 100, 300, 1000, or 1500 litter 4 370 * Ny + 1720 [6]
Insulation level of the buffering - ) - ) S AL TR T
tank (Thizs) X6 40, 100, 200, 400 mm 4 1530 * Agzny *Thin: [7]
Area of solar thermal collectors X7 0,4,8 12 16,20, 24, or 28 m? 8 402 ASth + 500; Table 3
2+ 22A py +
Area of photovoltaic module X8 | 0,48, 12, 16,20, 24. 28, 32, 36, 40 m? 11 ?513‘;‘?}7._,;9*333
. R = LS L
= Owerall efficiency of the - . 70% of the given price
} o, 2
5 photovoltaic X 100r13 % - 100% of the given price
Slope angle of photovoltaic X10 | 45,60, 75° 3 :
module
Azimuth angle of photovoltaic | 7 | 4 15 30 or 459 from south to west. 4 | -
module
District heating (DH),
Air source heat pump (ASHP),
Type of primary heating unit X12 | Ground Source Heat Pump (GSHF), 3 Table
PEMFC with On/off operating mode, or
PEMFC with thermal tracing
;"; Size of the primary heatingunit | X13 | 0:0.5: 6kW ™ 13 -
v Supply water temperature from - an =
the primary heating unit (Ts) X14 | 40,50, or 60 3 i
. - - | from first of August to end of September -
Operating hour start at X5 | step 15 davs) 5 -
Operating hour stop at X16 from first of May to end of Tune (step 15 5 i

@ NTNU Norwegian University of Science and Technology
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A Case Study / Economic Scenarios

Table 2 Financial parameters [51], [11].[12].

Financial parameters Alternatives No of alternatives

Nominal interest rate (1)* 0.0.3.20r 10% 3
Inflation rate (f)* 0.0.1.7or 8§ % 3
Escalation rate of energy price (e)* 1.0.5.0 or 10 % 3
Feed-in-tariff (FIT: no tariff or full tariff) 0.0or 100 % 2

- ] | .
Investment grantl[IG_ purchasing discount as a 0.0 or 25 % Z
percentage of the investment cost)

*) The last ten years average is underlined

E NTNU Norwegian University of Science and Technology 14



Results / Time-Saving

Table 3 Number of simulations each design variable option would be calling during one optimization run with the
traditional approach and number really simulated (in brackets) using MAOS.
¥

Option No
Parameters 1 2 3 4 5 6 7 8 10 11 12 | 13
Package of building | .. | 12 | 2 3 66 | 51 | 262 | 18 | 91 ] ] N
In this example MAOS envelope (PBenv.) GEROEEOEEOREORNORRORRO]
. . . Efficiency of lighting 470 | 35
is reducing the time and appliances X laglan| | | | | | S
needed for full g| peotherzecovey) lwrlsm ||| | | L] ]
simulations during one Z| (efficiency %) © 48| ®
.. . Efficiency of auxiliary x4 410 95
optimization run from systems (fans and pumps) == - - - - - - - I N
303 hours (O 6 hour * Size of buffering tank X5 | 424 | 21 24 36 - - - - - - - -
. ) . . Insulation level of the X6 42 7 40 416
505 building simulations) buffering tank (Thy,) - = | | ] B I R
Area of solar thermal 391 26 38 18 2 3 18 9
~ * == - - | -
to ~19 hours (0.6 hour ollectors X aglololololololo
31 31mulat10ns). This ii‘?ul;f photovoltaic [ o 406 | 1 8 24 12 14 9 15 12 8 I
results to 284 h time- [ Ovenall efficiency of | +o | 451 | s4
. Wind § the photovaoltaic —_— ) ] ] ) ) ] ] ) ] ]
saving on a windows- Slope  angle of [ o [ 106 [ 341 | 58 | ] ] ] ] ] R
based PC with a 2.83 photoveltaic module ONNENNC)
Azimuth  angle of o8 41 30 | 322 | 14
GHz processor and 8 GB photovelaicmodule | | )y |y | | ®» || ~ | | - | |
Tvpe of  primary
of RAM. hesting uni X12 | 4 |[427 | 40 | 22 | 12 | - . . . I
Eleﬁin;imtthe PIMEY x93 | 52 | 21 | 8 | 3 [343 | 11 | 24 | 28 4 [ 11 0] o0
5, Supply water temp.
from the primary [ X14 | 432 60 13 - - - - - _ _ _ A
heating unit (s)
Operating hour stop at | X15 | 376 63 20 9 37 - - - - - - -
Operating hour startat | X16 | 108 | 105 10 6 276 - - - - y
The optimal design/operation option is underlined and highlighted in bold font
B NTNU Norwegian University of Science and Technology 15




Table 4 Number of each combination of the first three decision variables (X1, X2, and X3) required to be
evaluated during one optimization run using the traditional approach and number of really executed
simulations (in brackets) using MAOS.

Lighting Heat Building envelope option No
and recovery g
appliances | option 1 2 3 4 5 6 7 8 m
No
Standard 1 8(1) | 000y | 0(0) | 47(D) | 1) | 41) | s | 32(D) 107(6)
lighting
and 2 41 | (D) | 1D | 12¢1) | 31(1) | 255) | 6(1) | 43(1) 353(8)
appliances
3 000) | 0@ | o0 | 1D | 31 | 21) | 21) | 2D 10(5)
High- 1 00) | 0@ | o0y | 21 | 1)y | o | o | 7D 10(3)
efficient
lighting ) 00) | 00y | 2(1) | 4 | 31y | 1) | s | 3D 18(6)
and
appliances 3 0(0) | 1(1) | 0(0) | 0(0) 2(1) 0(0) 0(0) 4(1) 7(3)
Sum 12(2) | 22) | 3(2) | 66(5) | 51(6) | 262(4) | 18(4) | 91(6) | 505(31)

The optimal combination is underlined.

Table 5 Number of each combination of PV module azimuth and slope angles (X10 and X11) required to
be evaluated during one optimization run and number really simulated (in brackets) using MAOS.

Slope angle | Azimuth angle of photovoltaic module option No
of photovoltaic Sum
module 1 2 3 4 5
option No
1 74 (1) 9 (1) 5(1) 12 (1) 6 (1) 106 (5)
2 14 (1) 18 (1) 6(1) 296 (1) 7(1) 341(5)
3 10 (1) 14 (1) 19 (1) 15 (1) 0(0) 58(4)
Sum 98 (3) 41(3) 30(3) 323 (3) 14 (2) 505(14)




A Multi-aid Optimization Scheme (MAQOS)

.- Optimization Program - ---------"-"-"—--—-----—-- - - - —-——-—~— -~

Input data for optimization
(e.g., objectives functions,
optimization settings)

Achieving the best
solutions during the
optimization runs

]

Hybrid Optimization
(GA then PS)

{Hybrid Optimization k

Optimal tech. mix and
CO-EPL associated to
the min. LCC fora
given economic

Difference
<10%?

Parallel
Optimization

(GA thenPS)

|
I scenario
: : 1
. Double-check hybrid ....... el H 1
\ optimization engine /
7’
—————————————————————————————————— -—————————————-}
_________________________________ B T I
~
L A Y
A\
1 Economic/technical assumptions Manufacture data
[ e.g., economic scenario : [e.g., performance curves]| .
(kl,k,, _____ L ) '[echnology mix .
= = ¥ =[x,x,,.x,]

Grouping the decision
variables into
predefined input
groups (InG1, InG2,...)

Run post-processing
using simplified
simulation tools
(e.g., MATLAB code)

Is there a need for

Calculated detailed simulation ?

Outputs
[e.g., LCC]

—— e mm mm Em Em = =

Archive of pre- Yes _ _
simulation results nput fles |I 1) |[LCC,, [.f[- :k)_LCCEp [.f[-_l_.k <0.01; during a minimization step
P 2) NEega = 1000,

Run detailed simulation

(e.g., IDA-ICE) H where LCCypy is the life cvcle cost of the building energy performance, X is the design variable vector,
\ k is the economic scenario vector and NEgs is the maximum number of evaluations.
\ Multi-tool ’
AN calculation engine /’
N N e e e e e e e e D D D e - Simulations/evaluations Program - — -~
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Double-check Approach

Figure 6 Three repeated optimization runs assuming 1%, 5%, and 10% escalation rates, respectively,
where i = 3.2%, f= 1.7%, FiT=0%, iG=0%.
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Double-check Approach

i =0% iG=25%
FiT=0% FiT = 100% FiT = 0% FiT = 100%
e=10% e=10% e=10% e=10%
e=5% f a=5% f a=5% rf e=5% Ef
e=1% £ﬁ75=1% @E:ﬁ'r e=1% ae?;ﬁ'r g=1% ;{;ET
gg%‘;ll ] 1l Eeiﬁ':“ n L #i%zll LI n $§§:II n 1
Y P — e P — e T P
gE=wuy  EETLL 2E=wr  BESL G
mn mn n m m H w n L m m "
2000
# First Check
1800 - o
) CSecond Check
= 1600
= L 2
IEE 1400
g 1200 - .
3 . ® n Py
O 1000 * & = o *
= 800 g *
= L il @
E 600 ~ L &
= 400 - ] ] [ ]
2 ] | [ .| ¥
200 -
ﬂ K i i § § &8 i i i i i i i i i i i i I i i i i i i i i i i i § 8 § i i i
1 8 15 22 29 36

Economic scenarios

Figure 7 A sample for testing the repeatability of the optimization results. Optimization results of the first
and second run for 36 economic scenarios.
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Seeding Approach

_ a=0% _ iG=25%
FiT = 0% FiT =100% FiT=0% EiT = 100%
= = = | > e =
& = 10%; a=10% a=10% a=10%
a=5%“‘£h e=5%_ _F e=5 =
e="1% ;E;i;m‘—_l3='1‘?é EI‘_IJ?'-—-B -.-‘,
agag-ﬁ:_“u mw " ﬁgﬁ:" un " g
SEZ[V T g el £
w o " wn " "
200C pulll LI i i o
1800 o — No seeding
o O \With caadi
T 1600 | With seeding
% 1400 =
£ 1200 | =
S} =| ° -
— 1000 ?' o = O i =
% 800 - - b = 9 T
‘E 600 = = - = = T
E 400 - = bid < = = - ? =
D - T T T T T T T T T T T T T T T T T T T T T 1
1 B 15 22 29 36

Economic scenarios |
Figure @ Comparisonof the optimization performance when the hyvbrid optimization algorithm (G.A4-P5S) is

used with and without good initial population from previous optimization runs. 36 economic scenarios are
shown.
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The Impact of Using the Introduced Approaches
(Double-check and Seeding) on the Results Accuracy

4 MAXIMUM Greatest value,
excluding outhers
= i ..
= 30 + +
£ UPPER QUARTILE 25% of
£ — . data greater than thes value
£ 20t | -
o — 1
= B I ___MEDIAN 50% of data is
';' ?} o md;wmlm value;
- = - e | i laset
8 5 |
z = |
2 t_TEu ol | | LOWER QUARTILE 25% of
P data less than this value
% Q | 1
ﬁ 104 | _ . MINIMUM Least value,
5 ; " excluding outhers
20} .
+
Double-check impact Seeding impact
. LCC:‘.‘H:R (1) - 1. LCC sRaIED) 2 1 GU t‘ﬂ.‘lﬂ LCC*.’..:»;:u—:::: - [I.'l.l.l.'l LCC'.".‘E:‘.'.!H::.":; 5 IDD
Min. jmin. LCC ,.,.,,, ;min. LCC oy s, § Min. jmin. LCC ,pp imin. LCCpppucics|

Figure 8. The impact of using the double-checking and seeding techniques.
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The Impact of Using the Introduced Approach
(Seeding) on the Computational Cost

750 MAXIMUM Greates! value,
l excluding outhers
700 = I "1
| UPPER QUARTILE 25% of
650 - l M data greater than this value
= | |

£ 600 |- -
= | l _ MEDIAN 50% of data is

= I greater than this value;
I 550 l - meddie of dataset
%

S 500f - _
.. LOWER QUARTILE 25% of
0 data less than this value

S 450t '
=
=

Z 400 I l - MINIMUM Least value

I excluding outhers
350 - | .
300} . l

With seeding Without seeding

Figure 10 Boxplotpresents the range of number of evaluations used for optimizing the 108 cases with and
without applying the seeding technique.
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The Impact of the Economic Scenario on the
Cost Optimal Results

At the same investment, the distance The cost-optimal solution does
between the red (o) and green (x) not include surplus energy to be
points presents the gap between the exported to the grid (the
net primary energy (NPE) with and generated energy from RES is
without energy credit. used on-site or no RES)
< >
100.000 €

NPE (no credit)

90.000 € —/ Ta
o

1
]
\
80.000 € - :
m /,
70.000 € :

O NPE (credit=1)

60.000 € -
y = -264,86x+ 63440

50.000 € R2=10,8343

Reference design
40.000 € (Benvl+DH)
30.000 €
20,000 €

10.000 €

Cost-optimal investment [€]

without crediting the
exported energy

Migiowm FPLeo_ -

- without implementing

mCHP

Zero EPL
R, =t Bemslen SN FNICHIN FENIN FESNIRH |

Minimum_ EPLco

0€

-25 25

n
o

75 100 125 150
Cost-optimal energy performance level [kWh/m?|

Figure 11 cost-optimal investment versus cost-optimal energy performance level for all addressed
economic scenarios leading to EPL., less than the reference (~150 kWh/m2a). JJCHP solutions
circumscribed.
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The influence of the escalation rate of energy price (e) The influence of the discount rate (r)

Calculation period: 30 Calculation period: 30

150 v 150 v
- 0O e 2% - 0O r >2%

e 5% r. 0-2%

E + e 10% g s . <0%
= 100 = 100
? ¢ § é
: o ' : o "o
¥ £ . 3
w b o w wen

R N utute - T S T R

Delivered Energy [kWh/m2a) Delivered Energy [kWh/m2a]
The influence of the Feed-in-tariff (FiT) The influence of the investment grant (iG)
Calculation period: 30 Calculation period30

. 150 OFT: 0% . 150 0O G 0%
g AT 100% g iG: 25%
= 100 = 100
g & g
w w
(e Y 3 3 !
g - g
& (SIS @ e 0

0 0 . DW

0 50 0 50
Delivered Energy [kWh/m2a] Delivered Energy [kWh/m2a]

Figure 12 The influence of the economic parameters on the delivered versus exported yearly primary
energy balance of the cost-optimal solutions for all addressed economic scenarios which lead to EPLco
less than the reference value (150 kWh/m2a).
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Optimization-based Sensitivity Analysis

Calculation period 30 years
Feed.in-tariff (FiT) = 0
Investment grant = 0% of additional cost
Decline rate of technology price = 5%
& e 1%
100+ al: -1.4903
— a2 -0.5219
80p e 5%
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Q eof O e 10%
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T — a2 0.20133
S w} Sy
20 L
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0 . s L ; i . L | I
-8 £ 4 -2 ] 2 4 ] 8 10
Discount rate (r) [%]
Calculation period 30 years
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Figure 15 cost-optimal investment (CO-IC) versus discount rate (r) assuming: 1%, 5% and 10% energy price escalation rates (e) for each subplot; £FiT=0 and FiT
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Figure 13 cost-optimal energy performance level (CO-EPL) versus discount rate (r) assuming: 1%, 5% and 10% energy price escalation rates (e) for each
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Conclusions

The introduced MAOS scheme is a powerful tool for reducing the
computational cost for large-scale investigation of cost-optimality
and energy performance of buildings.

* The scheme 1s able to avoid the major part of full building
simulations by a local system simulation or using archived results.

* In the demonstration case the number of full detailed simulations
was reduced from 1515 (505 + 505 + 505) to 52 (31 + 14 + 7) saving
roughly ~532 (474*0.6 + 491%*0.25 + 498 * 0.25) hours 1in simulation

time (~95% time-reduction).
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Conclusions

« The double-checking test is important for ensuring high quality of
the optimised minima. Even at a specific studied
scenario/assumptions the probability of large difference (>10%)
through the double-checking test seems to be small. If the calculated
optima are not close enough to the true optimum, the sensitivity of
the optimized objective might be captured falsely or not at all.

« Seeding good initials for the combined Genetic Algorithm and
Pattern Search is improving the quality of the results by finding
deeper minima than without seeding and by reducing the required
number of computational evaluations.
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Conclusions

The introduced scheme (MAOS) can be considered as
practical tool to increase the investors" confidence and trust
In iInvestment towards nZBs by providing fast and
comprehensive analysis.
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