PROCEEDINGS, 44th Workshop on Geothermal Reservoir Engineering
Stanford University, Stanford, CaliforniBgbruaryl1-13, 2019
SGRTR-214

Risk Reduction in Geothermal Deep DirectJse Development for District Heating: A Cornell
University Case Study

J. Olaf Gustafsdin Jared D. Smith Stephen M. BeyetsJood A. Al Aswad, Teresa E. JorddnJefferson W. Testéy,
and Tasnuva Ming Khén

IFacilities Engineeringl29 Humphreys BuildingCornell University, Ithaca, NY
jg72@cornell.edu
2School of Civil and Environmental Engineering, Cornell University, Ithaca, NY
3Departmenbf Earth & Atmospheric Sciences, Cornell University, Ithaca, NY
4Robert Frederick Smith School of Chemical and Biomolecular Engineering, Cornell University, Ithaca, NY
SEnergy Systems Institute, Cornell University, Ithaca, NY
jwt54@cornell.edu

Keywords: Economic risk, Deep direaise, geothermal reservoir modeling, surface use modeling, uncertainty analysis, LCOH, heat
pumps, district heating, cascaded use, thermal storage

ABSTRACT

Cornell University in Ithaca, NY is potentially wedlited for a deep diretse (DDU) geothermal heating system to serve our campus

of ~30,000 people in >14 million sq. ft. of buildings. The heating demand for the existing 1yatsfed district heating system is
~240,000 MW-hrs/yr; successful integration of DDU at Cornetiuld serve as a model for similar institutions and communities in cold
climate locations. Our current feasibility study focuses on risk reduction through joint analysis of two key aspectemhdevEIDU

system: 1) uncertainty quantification for resg@rvmodeling, and 2) surfaagse options. We identify a range of coupled subsurface
reservoir and surfaeese scenarios for successful DDU implementation based on modeled estimates of heat production from the
subsurface reservoir and a menu of flexibldasie use options.

Quantifying uncertainty and constraining values of geologic properties is a necessary component of reservoir modelmgireatkin
drilling data for the deep (>1 km) bedrock beneath Ithaca, we rely on petrophysical and stratigedpsis afwell logs and reported
cuttings from drilling performed regionally into the sedimentary basin rocks to estimate potential sedimentary reseevi@spieqr
potential crystalline basement rock targets @23+ km), which are essentially united in our region, we have undertaken studies of
Adirondack surface exposures of crystalline rocks considered to be analogs to the basement rocks beneath Ithaca.

Multiple options for the surfacese system to accommodate a range of subsurface tempeaaidifesv rates have been identified using

a custom surfacase model we developed for the Cornell campus. The model is grounded in extensive energy use records for campus
facilities, and includes options for cascaded thermal loads at a variety of tamgréttermal storage, and the use of wederrce heat

pumps to extract additional heat at high COPs as a final cascaded use before reinjection to the reservoir.

Our models demonstrate that reasonable adjustments in design and operating conditioaseodysigfms could create a more than 10
fold improvement in heat output from a modest geothermal resource. While this result varies with each arrangementas sedsunda
and surface use design, our work suggests that determining thesberagoinfor DDU of low-temperature geothermal resources may
rely more on an understanding of how heat can be beneficially used at the surface than on moderate differences imoesetivoir p
This type of integrated analysis can reduce DDU development riglebijfying positive value scenarios for a range of potential reservoir
heat production rates at locations where subsurface data are limited.

1. INTRODUCTION

The United States Geological Survey has estimated that 46dbéneficial heat is availableoim low-temperature (< 9%C) geothermal
resources in the United States. This amount of heandotheslonnear | y
temperature end uses are currently supplied predominantly by combustiosildtifeds at much higher temperatures than these end uses
require, either directly in heaters or boilers, or indirectly through consumption offieslsijjenerated electricity. Direct use of low
temperature geothermal energy could displace consumptitiresé highvalue resources, resulting in economic and environmental
benefits. Additional benefits may be derived if power grid management is considered.
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Figure 1: Schematic showing future integration of geothermal heat (right side of sketch) into tleemprehensive Cornell University

energy system. Major portions of this system are already in place, including the Lake Source Cooling component (lower

left) and the central district heating loop.
Cornell Universityos camp g ft. ofbuildngsls,logaded in inenorthéastern Umited>Stades, ma tedion o n
where the monthly average air temperature during the four months of winter varies between 22.3 °F (January) and 32t§'°F (Marc
Development of lowcarbon and carbehr ee approaches to heating are foundational p
(Cornell University, 2016). The University envisions that research leadership in energy innovation will play a keytraethr campus
itself will serve as a living laboratory (Fig. 1). Under contract from the U.S. Department of Energy, Cornell Univessiesssng the
feasibility of Deep DirectUse (DDU) geothermal energy for meeting a minimum of 20% of the headigdsrof our main campus in
Ithaca, NY. This amounts to about 166,000 MMBtu (175,000 GJ) per year, a level expected to remain relatively conseneay@0th
years or more. Additionally, > 100,000 MMBtu (106,000 GJ) per year of cascaded heat wordditbedp We are exploring a range of
technology options for surface management of thermal resources and investigating the compatibility of two potentiabsekssuvtzics

with those technology options.

In the context of the U.S. geothermal resourties Appalachian Basin is a le@mperature region (Fig. 2A); however, the Southern Tier

of New York State near Cornell is estimated to be a relatively hot spot, with temperatures suitable for district heasiogedtie drilling

depths (Fig. 2B). The @oell study is focused on utilizing geothermal resources estimated to be less than 120 °C. Conventional reservoir
modeling is used to estimate the thermal energy produced over time for two potential target formations.
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Figure 2: Location of Cornell University feasibility study relative to A) heat flow across the United States (Blackwell et al., 2011)
and B) median modeled temperature at 3.5 km depth across the Appalachian Basin sector of New York state (J. Smith,
2018, unpubl i shed) . IloEatiog as axtBr, aschtlreviosatioBsoof ansenélllsdbset of the available deep

boreholes. This subset contains some of the most critical data sets for our analysis (A, Auburn Geothermal; V, Venice View
Dairy; L, Lansing; G, Grund; S, Shepard; B, Bale; K, Kesselring; A4, Avoca4).

L http://www.nrcc.cornell.edu/wxstation/ithaca/normal.html
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To properly connect reservoir sizing with end use requirements, we have performed a detailed evaluation of surfacenthedsairde
the Cornell campus. Demasile analyses have identified and documented thermal loads andgeisgdi Our study considers a variety
of optimization schemes to improve the economics of a potential DDU application. These include thermal storage and hiéeiplenps
cascading use of the thermal resource over a range of temperatures, and nonirafzaecessary geothermal fluid supply through
coupling to other heat sources at times of peak heating needs (e.g., using biofuels when demand peaks). Beyond thatcor@=ppli
providing heat and hot water for campus buildings and laboratories)tipbteascaded uses for heat include controlled agriculture
(hydroponics, aquaculture, greenhouses), specialized agricultural uses (biomass drying), and snow melting. The finis goalysis

is to find a coseffective and productive means of usimgailable DDU energy for the Cornell campus. A second goal is to provide
flexible tools suitable for analyzing other sites with different thermal resources and needs.

A key outcome of the Feasibility Study will be an assessment of the economic (financi@)k associ ated with the
DDU heating on a large scale. The Cornell team is developing Levelized Cost of Heat (LCOH) estimates that consideicéthe techni
uncertainty in heat production from the potential subsurface reservoirs agswelcertainty in economic values, such as the cost of
drilling. Heat production uncertainty is quantified by stochastic simulations of thégdedulic geothermal reservoir models that are

based on local and regional subsurface datasets. Cornell lpesfooined deep drilling on campus and very few deep reservoir tests have
been conducted nearby. For a potential sedimentary aquifer at a depth suitable to produce a temperature of approXimateigricd °

drilling for oil and gas exploration has pided ranges for some of the geologic parameters needed for geothermal reservoir modeling.
For a potential deeper and hotter crystalline basement reservoir, almost no directly sampled temperature or geologfiardtita exi
region, so the uncertainty inadeled heat production is higher.

The first section of this paper describes Cornel |l duwinghpwr oach
geologic parameters are estimated and constrained in the absence of direct measneamérg<Cornell campus. The second section
describes Cornell &ds current thermal energy use prarandgementt he po
or enhancement (e.g. hot water storage, heat pumps) to maximize thetpedtilization of heat from the subsurface. The last section

presents estimates of reservoir production and how various combinations of flow and temperature can be efficiently andllgconom

utilized for campus heat.

2.UNCERTAINTY IN GEOTH ERMAL RES ERVOIR PRODUCTION

The subsurface geothermal resource evaluation builds upon the knowledge of thermal and reservoir conditions estimated by the
Appalachian Basin Geothermal Play Fairway Analysis, which placed Cornell on the margin of a high prioritynggqitasr (Cornell
University, 2017). Two potential geothermal reservoir target formations are being evaluated for their feasibility to mestine
demands of the Cornathmpus. The shallower target is in sedimentary rocks at approximately 2270hwitept the TrentorBlack

River (TBR) carbonate group. Regionally, TBR reservoirs contain hydrothermally altered dolomite witkrs€secpermeability, yet

these suitable reservoirs are spatially dispersed, with locations controlled by subtle fallg¢had surface expression (Camp and
Jordan, 2017). The deeper target is in Precambrian basement rock starting at 3000 m depth, for which limited inforntation abou
hydrogeologic and thermal properties is available in the Cornell region. Uncertaintiesexpected temperature at depth and geologic
properties are propagated through thermalraulic models of each reservoir using stochastic simulations to estimate the range of likely
thermal production for incorporation into several utilization scendria$is section, we present the selection of geologic properties and
their probability distributions for the TBR and basement rock geothermal reservoir simulations.

The TBR sedimentary reservoir was modeled as porous media using the numericattlydractic model TOUGH2 (Pruess et al.,
2012). An analytical model with multiple parallel fractures (Gringarten et al., 1975) was used to model fractured basesn@&here

are three main considerations for each of these geothermal reservoir modelsctignsefethe properties for the rock matrix and
associated geological structures, 2) setting the initial and boundary thermodynamic conditions, and 3) selecting ths pardmete
model simulation. The values and data sources used in our study asselisituthe following sections. Summaries are provided in Table
1A/1B, Table 2, and Table 3. Following those discussions, reservoir modeling results are presented.

2.1 Stratigraphy

The geologic formations of interest for geothermal reservoir simulatidud@dhe reservoir rocks through which fluid must flow, and
the surrounding caprocks and base rocks that primarily supply conductive heat recharge to the reservoir. Simplificafigihgeologic
column, where appropriate, are beneficial for comjutat efficiency in numerical simulations, such as those completed using TOUGH2.

Sedimentary rocks beneath Cornell accumulated in the marine Appalachian Basin during the Paleozoic. Above tiRiabie River

(TBR) sedimentary reservoir target existhigk shale sequence, the Lorraine/Utica (Fig. 3). The Utica will likely act as a barrier to fluid
flow (e.g. nanodarcy permeability in Carter and Soeder, 2015). Based on local well logs, this shale sequence is expaoted 200

m thick below CornellGiven the properties of these formations, we expect these to be caprocks to the TBR reservoir, so we did not model
shallower geologic formations.

Formations between the Utica and basement rocks were analyzed in greater detail because there is raddgiownigthat will restrict

fluid flow (Fig. 3). Changes in density and porosity in local well logs were used to select geologic formations tormeasagtaining
similar density and porosity mean and variability. The resulting generalizedrstpéic column for Cornell is provided in Table 1A. The
estimated depths to each of the formation tops are provided along with formation properties that were used in numeoical reser
modeling. For the estimated uncertainty in the depth to the basefef006 m, about 8.5 °C change in the temperatures at the top of
the basement are expected. We do not explicitly model the stratigraphy uncertainty in reservoir models in this paperthakieoug
uncertainties were considered in the estimation of teatypees at depth (Figure 5).

3
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Figure 3: Approximate geological column beneath Cornell University. Sedimentary rocks are estimated to extend to nearly 2800
m depth, underlain by metamorphic basement. Potential reservoirs in the TrenteBlack River (TBR) and uppermost part
of the basement are under evaluation in this study.

Basement Rock Lithologies

We expect that the basement metamorphic rocks are of a wide range of petrological groups (metanorthosite and anothosite gneis
metasedimentary; granitic, chaagkitic, mangeritic, and syenitic gneiss; biotite and/or hornblende granite gneiss; mangerite,
pyroxene(hornblende) syenite gneiss; etc.), as in the Adirondack Mountains, located about 170 km from Cornell. B. \Cademgiho (
internal report, 2016) examéd well cuttings fronfive boreholes in central New York that penetrated basement, and cores from mineral
exploration boreholes located near the northeastern margin of the Appalachian Basin in New York; these samples arg #nehived b
New York State Musem. Whereas most of the cuttings material consists of disaggregated individual crystals, rock fragments include
marble, hydrothermally altered granite to monzonite gneiss, calcite vein fragments, hornblende granodiorite gneiss bafitegBphi
Valentino, 2016). This study confirms that we expect to see crystalline basement rocks at Cornell similar to those rocks thetcre exp

in the Adirondack Mountains. The cores examined (B. Valentino, 2016) and maps of the Adirondack Mountains indicatesbatehe b
composition changes over horizontal distances of meters to kilometers, and imply that a borehole at Cornell will travakse sev
lithologies, especially if directional drilling is used in basement rocks. Owing to this heterogeneity, we assugie geaerties that

are representative of Adirondack Mountain rocks in aggregate from Simmons (1964). These aggregate properties areraitiitar to g
gneiss, the most common lithology.
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Figure 4: Locations of reference wells for lithologic properties ad well logs near the Cornell project site. Wells with yellow
pinpoints were used to inform formation tops at Cornell. Wells with red pinpoints were also used for density and porosity
information. Ithaca, the location of Cornell, is shown on the map.

2.2 Petrophysical properties

Key petrophysical data needed for reservoir modeling include porosity, permeability, thermal conductivity, heat capamkydandity
(Table 1A/1B). Since we do not have s#fgecific measurements of these parameters at aettdepths, we used regional well logs
(Figure 4) and published datasets for the formations of interest, or of similar lithologies.

A set of well logs from six boreholes within 50 km of Cornell (Fig. 4), provided values for formation porosity and densigaltility

values are not as readily available from published studies for our formations, and values that were obtained@nedabivesl core

values, noin situvalues. The values obtained are the best available, generally from core studies from Ohio, Pennsylvania, and western
New York (Table 1A).

Thermal conductivity values for the Southern Tier of NY State, including theeCoegion, were estimated as part of the Appalachian
Basin Geothermal Play Fairway Analysis project (Cornell University, 2017). Carter et al. (1998) was the primary sourcéhesethf
conductivity values when basapecific information was not avalble. The Carter et al. (1998) samples were taken from the Anadarko
Basin, which has a burial history similar to the Appalachian Basin.
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Modeled Permeability | Density Thermal Specific | TOUGH2 Mo. of
Formation Formation | Porosity | H: horizontal | (kg/m?3) L Heat Vertical Grid
Mame Top Depth (-) V:vertical Conductivity Capacity | Cells:CellSize Sourcesand Notes
(W/m-K)
(m) (mD) (/kg-K) (m)
Boundary Permeability: Carter and Soeder
Lo_rralr'le,-!r 1860 0.04 H: 5E-6 2700 0.9 830 Condition (2013) )
Utica Shale V:5E-6 1:0.1m Heat Capacity: Waplesand
1:199.9 m Waples (2004)
1: 105 m
T_renton 2060 0.02 H:5 2690 211 870 5:10.5m Permeability anisotropy based on
Limestone V:0.005 10: 3.15 m Campand Jordan (2017)
10: 2.1 m
Black R-i\.'er 2370 0.07 H: 250 2300 201 930 15:2 m Vertical permeability from Camp
Dolomite V:2.6 and Jordan (2017)
B_Iacl-t River 2300 0.01 H: 0.5 2700 211 830 20: 2 m Permeability anisotropy based on
Limestone V:0.0005 Campand Jordan (2017)
Beekmantown
Group: W26 5:11m
Tribes Hill / 2340 0.02 V:2.6 2780 3.79 230 3:18.3m Permeability: Camp (2017)
Little Falls 2:55m
Carbonates
Galway/
Theresa H: 2.6 Porosity and Permeability: Smith
Carbonates [ 2560 0.01 Vi2.6 2610 3.34 880 1: 220 m et al. {2005), Camp (2017)
Rose Run
Sandstone
Porosity and Permeability: Kolkas
. and Friedman (2007), Waller et
Potsdam 2780 0.01 H:0.002 2640 | a.27 860 1:20m al. (1978)
Sandstone V:0.0002 Heat Capacity: Abdulagatovetal.
(2014)
Porosity and Permeability:
1: 199.9 m Selvaduraietal. (2005)
Precambrian H: 0.001 Density: Simmons (1964, Table 1)
Basement: 2800 0.01 o 2730 2.83 825 Boundary Thermal Conductivity: Southern
Granitic Gneiss V:0.001 Condition Methodist University divided bar
1: 0.1m measurements on 2 samples of
Adirondack granite gneiss.

Table 1A: Generalized geologic column for Cornell with estimated formation depths, geologic properties, and grid csites used
in TOUGH2 numerical geothermal reservoir simulations. Sources specific to each formation are provided in this table,
and generic sources are provided in Table 1B

Parameter Source and Notes Summary

Depths, thicknesses, | A generalized stratigraphic column for geologic units expected below the Cornell site was estimated using deep wells with log

and rock types. data that include target sedimentary reservoir formations. Figure 4 provides well locations used in our analysis. Basement
lithologies were gathered from central New York deep boreholes, as analyzed by B. Valentino (2016).

Rock Density Density logs for six nearby wells (Figure 4).

Rock Porosity Porosity and density logs for six nearby wells (Figure 4), corrected for shale and gas in our study.

Rock Thermal We use the mean value for each formation, as processed in Cornell University (2016). Most values in that dataset are

Conductivity assumed from Carter et al. (1998) by lithology.

Rock Specific Heat We use data and estimation methods provided in Robertson and Hemmingway (1995). We use their generic temperature-

Capacity heat capacity equations by lithology. We used the estimated mean formation temperature at depth in the equations.

Pore Compressibility | We set these parameters to O for our study, which are the default values in TOUGH2 (Pruess et al., 2012). Setting the

Pore Expansivity tortuosity to O results in using the Millington and Quirk (1961) relationship to compute tortuosity within TOUGH2 (Pruess et

Tortuosity Factor al., 2012). The Millington and Quirk (1961) relationship is related to rock porosity.

Table 1B: Generic sources of geologic properties for formations listed in TableA.
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2.3Fracture systems forbasementreservoir modeling

As a firstorder simplified approach, the basement reservoir was modeled assuming unidirectional, uniform flow through a set of parallel
vertical fractures (Gringarten et al., 1975). Fracgpacings and apertures in basement rocks were estimated based on field mapping of
outcrops in the Adirondack Mountains, and on mapping of larger scale fracture sets using airborne LiDAR data. FraciumedankAd

rocks are present across a range oftlesgales from less than 1 m in densely fractured rock to tens of meters in sparsely fractured rock.

In analytical models, we considered flow in fractures with spacings ranging from 30 m to 200 m over a 1 km horizontzd|ldesrgih.

For simulationsear the top of basement, results revealed that fracture spacing greater than about 50 m may not provide adequate long
term production. We present basement reservoir results for simulations with 30 m fracture spacings, considered a s=asuptbte a

which produces favorable loftigrm production. If such spacings do not occur naturally for basement rocks below Cornell, it may be
possible to use EGS techniques to engineer such a fracture system.

2.4 nitial conditions and boundary cnditions

Establishingstable initial conditions is necessary for any geothermal reservoir model. Initial conditions are based on available regional
data, and numerical simulations are allowed 5000 years to reach a steady state before geothermal production begimdititmiiared
boundary conditions are discussed in the following sections for pressure, temperature, and heat flow.

Formation Pressure Profile

Hydrostatic pressure conditions have been observed in central New York boreholes (e.g., Auburn geothermal lyookhate] ENG,
1983). Based on brine density data from 56 wells across northern PA and southern NY, we assumed a hydrostatic pressiire profil
pore fluid density of 1180 kgAnFor numerical modeling, the shallowest grid cells have a constant pressadaty condition consistent
with this hydrostatic pressure profile.

Temperature Profile

Temperatures at depth within the Appalachian Basin were estimated by Smith (Ph.D. thesisnGire@aratioh using a 1D heat
conduction model (Horowitz, Smith, & Véalton, 2015) and a generalized regional stratigraphic column. The estimation by Smith
considered uncertainty in geological (formation depth and thickness) and thermodynamic (thermal conductivity, radieadéibing,

and spatial correlations of theadlable temperature data (kriging spatial interpolation uncertainty). A Monte Carlo analysis consisting of
10,000 replicates of these uncertain variables was used to estimate temperatures at depth.

Figure 5 shows the predicted distributions of temperatatedepth below Cornell in 500 m increments. Uncertainty increases with
increasing depth. The basement depth is located between 2.5 km and 3 km, after which a change in geothermal gradibigt iscgurs.
result of modeling assumptions; local data weo¢ available with which to estimate the parameters of a heat generation model for
basement rocks (e.g. Lauchenbruch, 1970), and that epistemic model uncertainty is not considered in this uncertainty analysis

Temperatures at Depth
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Figure 5: Violin plots (kernel density plotswith a boxplot in the center) of the temperature at depth based on 10,000 Monte Carlo
replicates of uncertain variables. White dots are the median estimates of the temperature at depth. The black box in the
center extends from the 25th to the 75th perceité estimate.
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For numerical reservoir modeling, we evaluated temperature profiles corresponding to the qalestriile, median, and warme#t 5
percentile in Figure 5. The shallowest grid cells used a constant temperature boundary conditionteeitisigtese temperature profiles.

Heat Flow Boundary Condition

The heat flow upwards into the bottom of the numerical simulation grids was obtained by projecting the predicted suitae ¢t
depth of interest using the Smith (2016) 1D thermadieh heat balancgiorowitz, Smith, & Whealton, 2015)For Cornell, we obtained
a heat flow of 45 mW/fat 3 km depth in the basement.

2.5TOUGH2 simulation parameters

Numerical geothermal reservoir simulations completed using TOUGH2 used the geological parameters and gird cell szdf\itoTabl
define the simulation grid. Simulation parameters for the TOUGH2 numerical solver are described in Table 2.

Maximum number of Newton- An adaptive timestep with a minimum of 100 seconds was used in
Raphson iterations per time step | numerical simulations. A maximum of 8 iterations per timestep was
selected to achieve a relative error tolerance of 1E-5. The total
Maximum number of time steps | simulation length was 40 years, which matches the proposed useful
Length of time step life of the Cornell system.

Relative error tolerance

Table 2 TOUGH2 Numerical Geothermal Reservoir Simulation Parameters

2.6 Reservoir modeling uncertainty analysis

Given the lack of CorneBite-specific geologic and temperature measurements, an important aspect of this study is characterization of
the uncertainty in the modeled reservoir performance given uncertainty in the input data. We base the uncertainty #makgsiges)
distributions, and assumptions documented in the previous sections.

For numerical modeling of the Trent@ack River (TBR) reservoir using TOUGH2, sensitive input parameters (flow, temperature
gradient, reinjection temperature) were fixed for various casedloorate, 30, 50, and 70 kg/s cases were evaluated. For temperature
gradient, %, 50", and 95 percentile cases were evaluated (Figure 5). For reinjection temperature, we assumed 20 °C because our surface
heat utilization systems will allow us to control the reinjection temperature through variable extraction of heat frathé&msngefluid
(seediscussion of surface use technology below). Values of geologic parameters are used as specified in Table 1A, andsideredt co
uncertain for TOUGH?2 analyses.

For analytical models, we used a Monte Carlo stochastic geothermal reservoir modeliagrapgppropagate the uncertainties in model
input variables to the modeled reservoir performance. The analytical multiple parallel fractures model is implemer@&EOR HIRES
software (Beckers et al., 2018). We made modifications to GEOPHIRES for Kariteanalysis of uncertain geologic properties and
temperatures. A summary of the input values and probability distributions used in GEOPHIRES is provided in Table 3.

For both numerical and analytical models, wellbore heat transfer losses in the iprodgtt over time (Ramey, 1961) were modeled
using GEOPHIRES.
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Variable Basement Notes and Sources
Parallel Fractures Model
Reservoir Depth (km) 3-3.5
Well Orientation in Reservair Horizantal
Fracture Height (m) 500
Fracture Width (m) 500
Well Lateral Length (m) 1000
Fracture Separation (m) 30m Adirondack Mountains
Fracture Width (mm) 0.5 Camp and Jordan (2017), Adirondack Mountains

Reservoir Impedance (GPa-s/m?)

Triangular: 0.05, 0.15,0.5

Camp et al. (2018) regional reservoir productivity.

Reservoir Rock Density (kg/m?)

Triangular: 2550, 2730, 3200

Local well logs, Simmons (1964)

Reservoir Rock Porosity (-)

NA

Local well logs

Reservoir Rock Heat Capacity (J/kg-K)

Triangular: 800, 825, 850

Roberson and Hemmingway (1995)

Reservoir Rock Thermal Conductivity (W/m-K)

Normal: 2.83, 0.36

Cornell University (2016}, matches assumptions in Smith (2019,
Ch. 3)

Surface Temperature (°C)

Triangular: 8,10, 12

Gass (1983), matches assumptions in Smith (2019, Ch. 3)

Geothermal Gradient (°C/km)

0-1.5km:

Triangular: 26.5, 29.5,33.7
1.5-2.8km:

Triangular: 23.7,24.4,25
2.8—4km:

Triangular: 16.5,17,17.5

Obtained using Figure 5 data from J. Smith, 2019 (dissertation in
progress), Ch. 3

Utilization System Capacity Factor (-)

Beta(4,2),0.97 - 0.994

Allows for 2 - 10 days on average per year for maintenance

Number of Monte Carlo Replicates

1000

Table 3: Summary of parameters used in the parallel fractures analytical reservoir model for basement rocks. Probability
distributions are listed for those variables that were selected randoly within each Monte Carlo simulation. Triangular
distributions list: lower bound, mode, and upper bound. Normal distributions list: mean and standard deviation.
Lognormal distributions list: real space mean and standard deviation. Beta distributions listteft shape parameter, right
shape parameter, lower bound, and upper bound.

2.7 Reservoir modeling results

We present predicted heat and temperature production results for the IB&atthrRiver (TBR) play at 2.27 2.3 km depth, and for
crystalline baseent at 3.0 3.5 km depth.

The TBR reservoir porousiedium play was evaluated using TOUGH2. Heat production and production temperature results for several
flow rates and initial rock temperatures are provided in Figure 6. For all of these scenarice, pnechetion meets or exceeds the target

heat production of 55 MW The produced temperatures exceed the Al ow tempe
supply temperature of 60 °C for a minimum of about 20 years for the coBlpst@&ntile temperature estimates. Given the uncertainty

in the initial rock temperature, it is unlikely téatar ¢ hfeadiBIRi
with 80 °C supply temperature.

Pumping rates have a cleargatt on the time to thermal breakthrough. Pumping rates of 50 and 70 kg/s result in temperature declines
within 10 years of operation. Pumping at 30 kg/s results in temperature decline beginning around 15 years, and arejativiehelto
complete themal breakthrough.
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Figure 6: Estimated heat production and temperature over time for the TrentorBlack River for injection of 20 °C. The initial
rock temperature percentiles were selected based on the estimated temperatures at depth (Fig. 5).

Results oMonte Carlo simulations of a hypothetical fractdi@minated reservoir at 3i03.5 km depth in basement rocks are shown in

Figure 7 for a production well flow of 30 kg/s and a 20 °C reinjection temperature. All of the Monte Carlo replicates hefitat

production rates in excess of the 5.5 M¥&rget. The median modeled production temperature ranges from ~85 °C at startup to close to
~88 AC in year 50. Such tempemacuméesrwofihdibeéet s ebddacadeitaatcbot di
demands (see Surface Use Modeling section). The temperature and heat produced shown by the model increase over geafigst ~100
because we have modeled the injection well at the bottom of the reservoir and the production wetdipatthieerésulting fluid flow

carries heat from deeper in the reservoir up toward the production well until thermal breakthrough begins to occur.
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Figure 7: Heat production and temperature over time for a flow rate of 30 kg/s and injection of 20 °C for basnent rocks at 3- 3.5
km. Each blue line provides the results of a single Monte Carlo replicate. Selected quantiles are provided in red.
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Our models required that we make assumptions about several key parameters, including wellbore spacing, fiagiiardspaaduction
flow rate. We chose values, or ranges of values, that we considered reasonable considering the local geology and whearmesibee
during development and operation at commerg@dthermateservoirs elsewhere. Given the limitatiarsd uncertainties of reservoir
modeling in the absence of operational data, the next step in project development would be to drill and-teseasfwtem to confirm
and improve the modeling predictions.

3. SURFACE USE MODELING

A key component of thigeasibility study was to create a detailed model of thermal energy use at the Cornell campus that is able to
incorporate a variety of potential future scenarios for energy management and cascading uses of heat. Our startirtg poicuweast

the curret heat requirements of campus (see Appendix A for more details). Figure 8 represents hourly data for albdistdtdd

Cornell buildings for FY 2017, totaling about 0.81 Trillion BTUs (~247,400 MyVBince the goal of our feasibility study is to dep

a conceptual geothermal system to provide heating for 20% of this campus load, our system should supply at leastdh BPUKrilli
(~47,500 MW1H) on an annual basis, or an average of about 5.5hMd¥tinuously. This amount of energy is close to the-yeand
baseload heating demand for the campus.

Cornell Campus FY2017 Hourly Heat Load
Breakdown by Building Type

(Stacked Lines Chart)
90.00

High Temperature Facilities
80.00
Standard Temperature Facilities

70.00 —
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30.00 AR TR 3 ] A
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i
1ottt el
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Figure 8: Hourly Cornell Campus Heat Demand for all connected buildings, shown by facility (heat demand) classification. Values
are stacked, so the @y line represents the total campus demand.

3.1Surfaceusetechnology
Our feasibility study considers the following primary surface use technologies:

1 Distribution piping systems

1 Variable speed/flow distribution pumps

1 Plate and frame heat exchangers

1 Heat mmps (centralized, for extracting additional heat from return water to boost overall well performance; and
perimeter/building level, for targeted heat boost)

1 Hot water storage systems

An important task during the first phase of the feasibility study wadetermine the appropriate data sources and performance
specifications to build the surface use model, including equipment and system performance characteristics that fornoftiieebasis
calculations inherent in the model.

3.2 Facility temperature demands

The geothermal source temperatures and flows needed to meet project goals depend in part on the temperature requargmments of v
campus buildings. The Cornell Study team has examined our buildings and grouped them into three different faciigyngpes,
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T Facilities needing high

temperature

h € [176& &1 raimimurh supply h e a t (

temperature). These are buildings with research, teaching laboratories, research plant or animal holdings, or siredar facilit
tha require large makap air flows.

T Facilities needing fistandardo temper at u°C§@588arhiremmum supply he at
temperature). These include typical teaching spaces, offices, and dormitories not specificalddesilower temperatures.
T Facilities that may be able to utilize return wateresforom o

60°C [140°F] minimum supply temperature). These facilities, which include greenhouses andgpitgtural facilities, may
be candidates for cascading energy use.

Figure 8 shows graphically how the Cornell FY17 total heat load would be allocated between these facility types, ontasisolmly
this example, most campus buildings are classd®&tandard Temperature Facilities.

3.3MENU model for surface heat utilization
Cornell has created an Exdmsed model of surface thermal energy use called MEnU (Model of Energy Use), which alleslefinselr

supply temperatures and thermal loads tedidor each facility category described above (see Appendix A for a more detailed discussion
of the MEnU model). The MEnU model allows testing of various scenarios, including:

1  Sensitivity of LCOH to building temperature and distributed loop temperaiihissis especially relevant for lower temperature

geothermal sources.

1 Effect of various heat pump configurations (e.g. operating on the central hot water distribution loop versus operating on a
distribution subsystem or individual building) on the eleairusage needed to maintain temperatures in various building types.
1 The use of cascading arrangements, whereby return water from a higher temperature building is used to supply a lower

temperature facility.

1 The impact of infrastructure changes over tifia. example, Cornell recently changed the campus building design standard to
require that all new and renovated buildings be designed to operate with a supply temperat@-€l&®H5. This temperature
corresponds to the typical temperature availalofstandard heat pumps on the market today and as such represents a readily
achievable standard for all anticipated campus building types.

Running the MEnU model with different geothermal resource conditions (source temperature and flows) creamsitigedatputs:

1 Total MWhn of energy utilized from the geothermal resource in the modeled year
1 Percent of annual campus energy provided by the geothermal system
1 Total MWhe used by heat pumps (if any) to provide the heat energy needed in the modeled year

Thus, the MEnU model shows the value (in energy units) of the geothermal resource and can effectively provide a waiilination f
the resource for the specific demand (campus load).

For a given flow rate and geothermal resource temperature, we gath@amount of energy extracted per pass of circulating fluid by
modifying (through our surface use equipment and controls) the return temperaturel Stadles some examples, which illustrate that
even quite modest resource temperatures and flowratesicaessfully serve at least 20% of our campus needs.

Table 4: Examples of Reinjection Temperature for Various Geothermal Well Conditions to Meet Project Goal (20% of campus

heat load = 5.5 MWH)

Flow Geothermal Geothermal Reinjection Temp
(reservoir Supply Temp (reservoir model input) (°C)
model input) (reservoir model
(ke/s) output) (°C)
20% of campus 30% of campus
needs (5.5MW,,) | needs (8.25MW,,)
30 85 40.8 18.3
30 120 75.8 53.3
50 85 58.5 45
50 120 93.5 80
70 85 66.1 56.4
70 120 101.1 91.4
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3.4 Heat pumps to boostsupply temperature andextract more heat

As part of Cornell 6s DDU study, the application of weledhetri cal
geothermal resources being explored are ideally applied without the aid of heat pumps, the inclusiopushe@ould provide the
following benefits:

1 Heat pumps used with DDU sources for heating can be substantially more efficient than conventional air or shallow water
exchange (i.e., Air Source Heat Pumps, ASHPs, or Ground Source Heat Pumps, GSHPsgl§peaiimer DDU resources
allow a higher heat pump coefficient of performance, meaning lower energy usage per unit heat transferred, as predicted by
thermodynamic principles and revealed by manufactureroés de
1 Heat pumps can extend the capacity of thatigermal resource by moving heat from the return fluid (prior to reinjection) to the
supply side, in a manner equivalent to a cascading use. The thermal power produced byl@oglagek pair is proportional
to the temperature differential from soutoaeturn; reducing the return temperature increases the thermal power production of
a given geothermal flow.
1 Heat pumps at the building level can extract additional heat and boost supply temperatures for a building distrifatipn sub
for any buildingshot designed for more effective heat transfer, while simultaneously lowering return water temperatures.

Two of the three facility categories within MEnU are modeled with heat pump options. Each facility type can be programnmmigaaefor
temperature setpois (supply and return). Consistent with the design standards in successful European systems, our MEnU program
assumes control based on maintaining a preset temperature for the fluid returned from the building to the districope&tignig this
tenperature as low as practical maximizes the amount of heat obtained from the district heatiBgdo®ppendix a for a more detailed
discussion of strategies for integration of heat pumps.

4. INTEGRATION OF RESER VOIR PRODUCTION AND SURFACE USE

Integratirg the results from the reservoir models and the demand side model (MEnU) provides useful insights into the effective and
efficient use of geothermal energy. Insights include both general results applicable to all such systems, as well iasdwasuethat
demonstrate the effect of various operating scenarios on Corne

4.1 General results andinsights

A key general insight gained from exploring district heating options is the importance of exploiting the fact thatuhiecdreat
extracted from a geothermal reservoir at any given pumping rate is directly proportional to the temperature differentehlgetwee
withdrawn water and the returned water. Since the developer has limited control over the temperature ofethe fmus for the
development should be on extracting as much heat as possible from the water piigettioa. This principle is shown below in Figure

9 and Table 5:
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Figure 9: Well production flow rate and temperature needed to meet 20% o€ornell campus heating load for diferent reinjection
temperatures, corresponding to the return temperature from different surface use scenarios

Table 5: Well production flow rate needed to meet 20% of Cornell campus heating load for differemgfeothermd supply (source)

Production Flowrate (kg/sec)

100.0

90.0

80.0

70.0

60.0

50.0

40.0

30.0

20.0

10.0

0.0

Flowrate Needed

to Meet 20% of Campus Load (kg/sec)

s Hi Temp Bldgs (70C return)

Low Temp Bldgs (40C return)

Optimal Cascading (30C Return)

e Heat Pump Assist (20C Min Return)

Source Temp (°C)

Production Flow Rate Required to Meet 20% of Campus Load

(kg/sec)
Reinjection Temperature
70°C 40°C 20°C
Source | (Inefficient | (Optimal* 30°C (With use
Temp building building (Optimal* of heat
(°C) design) design) cascading) pumps)
50 N/A 132.5 66.3 44.2
60 N/A 66.3 44.2 33.1
70 N/A 44,2 33.1 26.5
80 132.5 33.1 26.5 22.1
S0 66.3 26.5 22.1 18.9
100 44.2 22.1 18.9 16.6
110 33.1 18.9 16.6 14.7
120 26.5 16.6 14.7 13.3

* “Optimal” refers to designs that minimize return temperatures
within the bounds of available commercial heating equipment

technology

and reinjection temperatures.

As can be seen in these figures, lowering the reinjection temperature through improved design and operation of builglisysteras,
incorporation of cascading uses, and the strategic use of heat purepsver additional heat will allow Cornell to meet its target to
supply 20% of campus heat using even modest production temperatures and flow rates. See Appendix A for additional discussion

regarding lowering return temperatures.

Figures 10 and 11 provideo me
plant. As can be seen on the figures, all three variables (resource temperature, flow rate, and reinjection temperatsigy)ificaet

exampl es

of how

t hese

strategies

72 74 76 78 80 82 84 86 88 90 92 94 96 98 100102104106108110112114116118120

mpact

t

he

impact o the amount of heat extracted. Of these three, reinjection temperature is the easiest to control (through the usamd)heat pu
since it is an engineered solution whose benefits can be precisely estimated. Figures 10 and 11 demonstrate that rehjeatigrthe
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temperature from 4%C to 20°C opens up a much wider range of resource temperature and flow combinations that will meet our minimum
project goals.

Capacity of Well Set: % of Campus Annual Load (Standard Low

Temp Design, 40 C return)

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

Percent of Campus Load

—

50 54 58 62 66 70 74 78 82 86 90 94 98 102 106 110 114 118

Temperature of Resource (°C)

e 30 kg/s source flow 50 kg/sec source flow e 70 kg /s source flow

Figures 10 and 11 Percentage of Cornell campus heating load that could be supplied at various production temperatures and
flows assuming a 40C reinjection temperature (top; corresponding to standard low temperaturebuilding heating system
design) and a 20 °C reinjection temperature (bottom; case where heat pumps are used to lower the reinjection
temperature).

4.2 Heat storage

Heat storage is an important practical consideration for the design of an institutional heating system. For such & sgstantatieous

peak leating demands can be substantially higher than the average seasonal demand. To ensure that sufficient heat is thesiéable for
infrequent peaks, either the entire system must be oversized or storage must be used. Storage can also be usdhadqudonds;
storing excess heat on days with low loads (warmer days) for use during other periods (cooler nights or times of highdralevassr
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