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1. Introducti
37th Stanford IHOEEEEEE

Geothermal

Workshop Context

* Future development of EGS as an alternative energy source
* (Cogeneration

* Electricity (21% of energy cons.)

e Space heating and domestic hot water (40% of energy cons.)
* Conceptual energy conversion system design

* Economic competitiveness

* Conversion efficiency

* Environmental impacts

= Systematic methodology for system design accounting for site-
specific conditions
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1. Introduction

37th Stanford

Geothermal

Workshop Objectives
* Methodology integrates!’):

e Services to be supplied

* | Seasonal variation |

* (Geothermal resources with
geological characteristics

* Energy conversion technologies

Enbineering decision

: e . Varibles |
g Identlfy enVIl’OnOmIC Optlmal E Conversion technolo‘gnes rhodels
configurations for mature EGS technology =
» Conversion technologies to be used
« Exploitation depth, district heating
Size :
' Hot Dry Rock Cost, Profits
"y . :‘ Geothermal resources models Efficiency (energy/exergy)
»  Average conditions for Switzerland & bmpact

(1): Gerber, L. and Maréchal, F. «Defining optimal configurations of geothermal systems using process design and process integration techniquesy,
G Applied Thermal Engineering, doi: 10.1016/j.applthermaleng.2011.11.033,201 |
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2. Methodology

37th Stanford
Geothermal

Workshop Process design environment

Single Period Sequence

Physical models System Performance
resolution calculation

Exploitable
resources (EGS)

Thermo-economic
performance \

Multi-period Superstructure of Process Single-period Combined |
decision [~ conversion =T integration periormance = periormance | :
variables  |: technologies (MILP) indicators | i | indicators | :

Life Cycle e
Energy services Assessment
demand profiles

(district heating)

New demand profile

Objectives
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2. Methodology

37th Stanford

Geothermal _
Workshop Physical models
* Resources O e

* Hot Dry Rock , 3-wells system for EGS exploitation(t) ="
* Variable depth (3000-10000m) |
* Expected mass flow rate (90 kg/s), gradient (0.035°C/m) 5"

* Technologies

* Database of conversion technologies:

« 1&2-flash, ORC (simple, draw-off, 2-stages, supercritical), Kalina

* Model by flow-sheeting software

* Demand

* Seasonal profiles (GIS-based method for urban areas(?)

&
i

Temperature [°C]

« Space heating and hot water (district heating) as a constraint

* Variable design size (0-60 MW)

8

L
1000

1500 2000 2500
Heat load [kW]

(1): Tester, J. et al. «The Future of Geothermal Energy — Impact of Enhanced Geothermal Systems in the 21st Century», MIT technical report, 2006
(2): Girardin, L. et al. «<EnerGis: A geographical information based system for the evaluation of integrated energy conversion systems in urban

areas», Energy,25, pp. 830-840, 2011 30th Of January 2012 5
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2. Methodology
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Workshop System design and performances

* [ntegration of 3 components for each period:

TurbineE = 2600 MW
. T= 176°<—® ----- - :’nvar(e-up
. T=201°CP=9'1 bar @

° Condenser

. P =16 bar lash
g > anam “ @P 116 bar
: O Q=12.25 MW

@
. ;:

Turbine E = 2500 MW
177"@(—@-5-» e

Condenser @

Inter—season (3942h)
Turbine E =730 MW
" E Water
T 190°C <_® """ - maie-up
P r

=12.5ba @
Condenser

<— i (30 o—

@ Q=40.00 MW

WE
L] NS~

Wlnter

_T@»C(
9.1 bar

(4205h)

Turbine E = 2600 MW
E Water
_® """ - make-up

Condenser é

o (D o—
Q=6.50 MW
O Sor
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* Investment cost
* Operating cost

> Profit

« Exergy efficiency
* Energy efficiency
 Electrical efficiency

* Environmental
Impacts




2. Methodol
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Geothermal

Workshop Life Cycle Assessment model™ (1)

* |Impact quantification of a product/system/service on its overall life cycle and related to its

function
Goal and scope : Identification of LCIflows ~ Quantification of LClflows . Impact assessment (LCIA)
definition s -material & energy flows - link with process design - - selection of appropriate
. - process equipment and scale ¢ environmental indicators
Define objectives . Do Ilterature review |dentify drlvmg parametersof | ¢ [Selectimpact assessmenﬂ
\_ ) esign &scale fOf supportflows . ‘method from LC| database
| . .
s N o :
i . o[ Identify at whnch step LCI Extend model wnth necessary| o
\DEﬁne functional umt/ :@ows occur and thenrfunctlo; parameters if required ] - LCA model completed,
I . ¢ linked with process design
Define system limits o Find equwalences in (" Write impact functions for ) : and scale
. LC| database \ types of process equipment) .
1 . Thermo-
. (" Write LCA function with ) S environomic
. pecessary data to calculate LCI) ¢ model
Fry .. Fi, E; I " E;: cumulated emission/extraction i from LCI
[ ] * [ ] = [] — Itot — E Iz * W; F;; impact factor to transform substance i in

Fm,1 Fm’n En [m i—1 Impact category |

lj: impact category j

Chosen impact assessment methods: o o

_ wi: weighting factor to add category i to single
1.IPCCOQ7 - Global Warming Potential, 100 years, in kg-CO2-eq score impact /,,
2.Ecoindicator99-(h,a) - human health, ecosystem quality, non-renewable resources, aggregated in pts

(1): Gerber, L. et al. «Systematic integration of LCA in process systems design: Application to combined fuel and electricity production from
lignocellulosic biomass», Computers & Chemical Engineering, 35, pp. 1265-1280, 2011
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2. Methodology
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Geothermal

Workshop Life Cycle Assessment model (2)
* From literature!V) and thermo-economic models:

Functional unit: Construction, use and dismantling of one EGS for cogeneration -> System boundaries

1
1
- s '
Construction phase Use phase End-of-life phase
1
1
' steel '
diesel P water scaling & !
SOl make-up residues |
diesel water, : : disposal cement !
LIESeL [ sand cuttings & mud disposal ROSAl COE |
Mud: bentonite,, starch, 3 grave’ ravel .
chdlk, water, calcium avoided electricity from I
natural gas combined cycle \
diesel —U— \
M Geothermal working wo-r ng :
hydrochloric fluid fluid |
. pumps -

acid . make-up logs \
a— — 1
avoided heating \
from natural gas boiler |
emissions at !

condenser: workingfluid loss
working CO2, H2S, CH4, :
L TurbinesIPumps Flash drums Turbines] H2,NH3 "
equipment equipment \
Eeat exchangers & condensea maintenance disposal :
1
1

——
equipment recycling
(1): Frick, S. et al. «Life cycle assessment of geothermal binary power plants using enhanced low-temperature reservoirs», Energy, 35,

pp. 2281-2294, 2010
30th of January 2012 8




2. Methodology
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Workshop Multi-Objective Optimization

* Calculate trade-off & identify optimal configurations

- ) Pareto curve . ]
infeasible of optimal For each conversion technology:
domain solutions

i e °* ° 1) min. investment costs:

+ |

= © X v

£ Cinv = Ci,pas(z) + Y maz(Ciwp(2,rpH), Td)n, + Ci,pH(TDH)

g o <« X =1

- technologically

feasibl .
° dormain 2) max. annual profits:
Exergy efficiency "p _ _ N
. _ P, = ty - (Ce— - B (2,7DH,Zq) + Co- - Q, (T Co, Co,w(%,"DH, T
Decision variables: pz::l p (e By (2orom,2a) + ¢+ @y (rom) = copas(z Zw: DE;%3)
*Xq. Temperatures, pressures, splitting
fractions (EGS & cycles) 3) max. system exergy efficiency:
*z: EGS construction depth .
*rpH: design size of district heating B Ezil t, - (Ep— (z,7DH, Tq) + Q_(”'DH) (11— TDH,’;'“;,p(z)))
L : M= Np t 1 To

nw: number of technologies Q- : district heating Z EGS,:D(Z za) - (1 - TEGS,lm,p(z))

np: number of periods Co: operating cost

tp: operating time of period p ce-: electricity selling cost (0.16 USD/kWh) T=: cold source temperature

E- : net electricity Cq-: district heating selling cost (0.11 USD/kWh) Tim: log-mean temperature of hot source

G
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2. Methodol
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Workshop Selection of final optimal configurations

Hundreds of solutions Best technolcgy at each potential depth (500m
“ preseniareiocae  step) and DH design size (SMW step)
oo »Selected on the basis of the payback period:

C’i'n’v,an Lifespan (t,r): 30 years

c [
] —
£ tpb P Interest: 6%
[ © an
o Np
Ecozaw = Y (tp- (B, -ecoz,ncee + @y - €coa,NGB —
Exergy efficiency p=1
_ o %I ) — (Z?zecl maz(Io,i)n, + i3 ma’m(IE,z’)nP)
Other associated indicators: A TOnP tyr
1=
°exergy efﬁCienCy ecoz.NGec: emissions for electricity production with natural gas

. .. ) . ~_ combined cycle (0.425 kgCO2-eq/kWh)
*avoided yearly CO2 emissions with IPCCO7 (On life CyCIe baSIS) ecoz.nGs: emissions for DH production with natural gas boiler

(0.241 kgCO2-eq/kWh)

*avoided impaCtS with Ecoindicator 99'(h’ a) (OI’) life Cy cle baSiS) lc/oe.i: impact associated with construction/operation/end-of-life of
element i of life cycle inventory

G
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3. Results

37th Stanford
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Workshop Examples of Pareto curves

* Trade-offs between 3 objectives:

90: [ 80
| © 1-flash
| x ORC (iso-butane) with intermediate draw—off 75
80?" <4 1-flash with bottoming simple ORC (iso-butane) Y 70
05 £ 65
z 6°
o .. 155
@ |, » Pareto curves for other
2 | as technologies show
g 4 similar behavior
5 40T 135
Tz 130
- ;
= 305 25
< :
20+ 20
| 15
| Exergy efficiency of
10! . 10
| the conversion system [%] ]
0 0 56 1(1)0 1é0 2OO 2‘150

Investment costs [mioUSD]
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3. Results

Workshop Final optimal configurations

* Payback period (< 30 years) » Payback period tends to decrease

o 1-flash Payback period [yr]
o 2-flash 4 30
60 f + ORC, single-loop X X X @ 28

§ X ORC, draw-off X X X X 26
S 50l % ORC, 2-stages x  x  x o4
o ¢ Kalina v % % x 1 0o
N < 1-flash & ORC d
‘o 40 = X X X x O 20
C 118
_C_D X X X X O _
8 30 X X X X O 16
© X X X X Y% 114
@) 112
c 20+ O X X X +
; '© N N
5 2 8
< 10+ O O X + +
5 O X < °
= 5 4
B 0 RO IR >
()]

4000 5000 6000 7000 8000 9000 10000
EGS construction depth [m]

GG

with depth

» Effects of cogeneration

* Decreases payback in lowest range of depths
(Kalina)

* No significant penalty for deep systems

» Best technology is function of
depth & DH size

1. low depth & DH —» Kalina cycle

2. mid. depth & DH —— Flash systems

3. mid. depth & no DH =—>0ORC, 2-stages
4. large depth & DH =—=>0ORC, draw-off

5. large depth & no DH —>1-flash, & bottoming
ORC, single-loop

30th of January 2012 12
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Workshop Detailed cost-benefit analysis

» Costs dominated by

* 5 typical configurations

* EGS construction investment

cost/benefits Payback (yrs) * DH network investment

LSy 9.0 1.3 7.1 6.2 5.0
60'000'000
50'000'000 . .
» Efficient system design
40'000'000 . .
compensates higher investment
30'000'000
o
20'000'000 Deeper EGS
10'000'000 . * Larger DH systems
0
Kalina cycle, 2-flash, ORC-2stages, ORC-drawoff, 1-flash & ORC,
5500m - 15MW 8000m - 1OMW 7000m - OMW  9500m - 60MW 9500m - OMW
W Electricity sellings " District heating sellings ® Potentia”y sensitive to:
! Operation & Maintenance B Flash system annualized investment
| Binary cycle annualized investment B Geothermal pumps annualized inv. o : "
EGS construction annualized investment DH network annualized investment GeO|Oglca| conditions

* Dirilling costs

* Energy services prices

G
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3. Results

Workshop Associated avoided CO> emissions

> O o O

Yearly aVOi?ed /COZ » Beneficial CO2 balance for all
emissIons [tons/yr] g 130000 ¢ ytima) economic configurations

X X X 120'000
X XXX 110000 ®* Increase with depth due to increased
X X X X 100'000 efficiency
A, 190'000
X X
180'000

X

170000 ) Fossil CO2 emissions for flash

* 1090 gystems decrease performance
) {50'000
40'000
- D@ s0o00 °* Effect mitigated by increased efficiency &
N “ 20'000 use of bottoming ORC

O < 10'000

O 1-flash
o 2-flash
60+ | + ORC, single-loop

g‘ X ORC, draw-off
S 50!l % ORC, 2-stages
— ¢ Kalina
o 4 1-flash & ORC
‘v 40+ v
5, O O
g 30+ © O
© O O O
220 0 0 0 o
§ ¢ ¢ ¢ O
L 10 x ¢ ¢ ¢ O
o 6 ¢ O o
@ 0 0 ¢ *x x X%
0O

4000 5000 6000 7000 8000 9000 10000
EGS construction depth [m]

GG

* Favors large DH systems using ORC with
intermediate draw-off
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3. Results
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Workshop Detailled CO2 balance

» Efficient system design mitigates
impacts from construction

* 3 typical configurations

In Switzerland:

Life-cycle CO2 balance 1 inhabitant emits ~7 t/yr .
[tons/yr] Benefit: » |f emissions from EGS & flash

120000 109300 t/yr — 33294 t/yr 707910ty comparable to hydrothermal:

100'000
£0°000 * potentially not insignificant...
60'000

» 1-flash & bottoming ORC

* reduces size of flash, thus emissions

40'000

20'000

ORG-drawoff, 2-flash, 1-flash & ORC, * increases avoided impacts from electricity
8000m - 60MW 8000m - 10MW 8000m - OMW
. Electricit bstitution (NGCC - DH substitution (NG boil . .
Process iéﬁipsr}:e?\tlon( ) EGSSLcl:o?\sI;t?ulc?tri]o(n e » COz2 balance linked with energy
B Scaling & residues disposal B Emissions from flash ..
B Water & Working fluid make-up B End-of-life eﬁ|C|ency
_ - * Though electricity avoids more CO2 than DH
® Potentially sensitive to: per kWh (0.425 kg vs 0.241 kg)
* Geological conditions * Favors cogeneration over single electricity
* Substituted services (electricity mix!) production

G
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4. Conclusions
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Workshop Conclusions

* Methodology for conceptual design of geothermal energy conversion systems
combining thermo-economic optimization and LCA

* |dentify promising configurations

* Orientate decision-making

e Determination of optimal EGS depths, technologies and DH size for average
conditions of Switzerland

e Selection of technology depends on EGS depth and DH size
* Environomic performances increase with depth
* Beneficial environmental balance for all economic optimal configurations

* Interest of cogeneration

G
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4. Conclusions
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Workshop Perspectives

* |nclusion of economic and geological uncertainties in economic &
LCA model

* Drilling costs and technology

°* Energy services prices and avoided impacts

e Effects of EGS construction depth

» Necessity to include data of future EGS to be built in models

» Collaboration between geologists, energy systems engineers &
environmental scientists

G
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