Biological Bio-Ethanol Production
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. Size reduction and thermochemical
pretreatment of raw cellulosic biomass to

make cellulose polymers more accessible

to enzymatic breakdown and free up
hemi-cellulosic sugars (blue boxes on

left);

. Production and application of special
enzyme preparations ( cellulases),
hydrolyze plant cell-wall polysaccharides,
producing a mixture of simple sugars

(green boxes);

. Fermentation, mediated by bacteria or
yeast, sugars - ethanol +co-products
(yellow diamonds).

. Distillation/dehydration to remove water.
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Biomass Renewable Electricity Capacity and Generation

US Energy Information Administration: Energy Outlook
US: Diminishing importance of biomass for

electricity generation (7% ). 2023,
Biomass produced 5% of total U.S.
energy consumption, or about 4,978 ftrillion

British thermal units (TBtu).
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2020 | 2021 | 2022

Generating Capacity (mw)
Electric Power Sector (a)

Electric Power Sector (a)

Renewable Electricity Generation (billion kilowatthours) (GWh)

|_Biomass 6295 6184 6190 T T 27.5 27.1 26.3 |
WaASEe oo 3,790 3.822 3.829 Waste .....oooeeeiiiieeeecee e 16.1 15.6 15.6
NN DO 2 e S e 2,505 2362 2.362 WODd v 114 11.5 10.8
Conventional Hydroelectric ................ 78,671 78,765 78.840 Conventional Hydroelectric ................ 2899 2546  267.7
GeothermMal ......oeeeeeee e 2,483 2,500 2525 6130 11]) | SN 16.5 16.0 16.0
Large-Scale Solar (b) ..........cccccoueue... 47,586 63,333 81,531 Large-Scale Solar (b) ..........ccevvuennne 90.1 114.3 145.7
T P e T Se e By 118,045 135042 141,903 WInd: ocninminismniamiisiiasieg 336.7 377.3 420.4
Other Sectors (¢) Not Electricity Other Sectors () Not Electricity
i 6302 6289 6281 T T———— 28.6 28.0 28.0 |
WASEE oo 777 778 778 Waste .......ccoovevieiciieeecn 27 2.7 2.7
WOOD oo 5,525 5510 5503 414" (o0 o | S S 25.8 25.3 25.3
Conventional Hydroelectric ................ 279 279 279 Conventional Hydroelectric ................ 1.2 1.2 1.2
Large-Scale Solar (b) .........ccccceeeennes 468 538 541 Large-Scale Solar (b) ........ccccouverveenene 0.8 0.9 0.9
Small-Scale Solar (d) .....c..cccceveennnee. 27,724 33487 41,276 Small-Scale Solar (d) ........ccccceevvinnnne M.7 49.8 61.6
Residential Sector ........................... 17,238 21,354 26,865 Residential Sector ...............cc........ 254 30.6 389
Commercial Sector .........c..ccceeeeunnn... 8,430 9.892 11,893 Commercial Sector ...........ccccouveenee. 12.9 15.3 18.3
Industrial Sector ........cccovveeeveeeerereiinns 2,056 2,241 2518 Industrial Sector .........cceeveeeierneennnns 3.5 3.9 4.3
WG s vivcisssiicmnismisansnicsnisssssiise 346 346 346 Wind: sasammnasnssavannaaia 0.8 1.0 0.9



https://www.eia.gov/totalenergy/data/browser/index.php?tbl=T10.01#/?f=A&start=1949&end=2023&charted=6-14-12-13-15
https://www.eia.gov/totalenergy/data/browser/index.php?tbl=T10.01#/?f=A&start=1949&end=2023&charted=6-14-12-13-15
https://www.eia.gov/totalenergy/data/browser/index.php?tbl=T10.01#/?f=A&start=1949&end=2023&charted=6-14-12-13-15
https://www.eia.gov/totalenergy/data/browser/index.php?tbl=T10.01#/?f=A&start=1949&end=2023&charted=6-14-12-13-15

U.S. Biofuels Production & Consumption

billion gallons  Production Consumption (billion gallons
20 E— = per year) very similar to
uel ethano odaiese .
® rencwable @ other biofuels il 1l | production: Consume almost all
diesel -|]|] sl | produced quantities.
15 nil I
" U.S. in 2022: Ethanol—alcohol
10 n fuel (lower HV) blended with
. petroleum gasoline for vehicles;
5 . Largest share of U.S. biofuel
ml production (82%) and of
consumption (75%)
0 I
1935 1990 1995 2000 2005 2010 2015 2020
Production Imports Exports Consumption
Fuel ethanol 15.36 0.07 1.31 14.02
Biodiesel 1.62 0.25 0.24 1.66
Renewable diesel 1.50 0.26 NA 1.72
Other biofuels 0.20 0 NA 0.20
Total 18.69 0.59 1.55 17.60
Source: U.S. Energy Information Administration, Monthly Energy Review, Renawable anergy, February 2024




Transportation

Fuels: Status & Outlook

2023 2024 2025 2026
| Total Biofuels Consumption (million barrels per day) 1.26 1.31 1.21 1.28' =
Fuel Ethanol Blended info Motor Gasoline (millio 0.93 0.93 0.93 0.93
Biodiesel Consumption (million barrels per day) 0.13 0.13 0.08 0.09
Biodiesel Product Supplied (million barrels 0.08 0.08 0.04 0.05
Biodiesel Net Inputs (million barrels per da 0.05 0.04 0.03 0.04 . go“nE.] ]I?S Ee
Renewable Diesel Consumption (million barrels § 0.19 0.24 0.17 0.22 -
Renewable Diesel Product Supplied (millior 0.18 0.23 0.15 0.21
Renewable Diesel Net Inputs (million barrel 0.01 0.01 0.01 0.01
Other Biofuel Consumption (million barrels per ¢ 0.02 0.02 0.04 0.05
| Total Motor Gasoline Consumption (million barrels pet 8.94 8.97 8.89 8.88| —
blm—— U.S. corn-based ethanol
14 :> - agricultural
. importance. >
.-~ | pump gasolinex “E10”
(app. 10% ethanol), per

federal volume
mandates, also state
rules & market practice.
Higher % occur in
practice (fuel companies)

T T
2021 2022 2023

T ]
2024 2026 202¢




NAS: “"Bioenergy from Algae not Sustainable”

Cited from Report by Committee on Sustainable Development of Algal Biofuels
THE NATIONAL ACADEMIES PRESS, 2012.

“Based on a review of literature published until the authoring of this report, the committee
concluded that the scale-up of algal biofuel production sufficient to meet at least 5

percent of U.S. demand for transportation fuels4 would place unsustainable demands

on energy, water, and nutrients with current technologies and knowledge. However, the
potential to shift this dynamic through improvements in biological and engineering

variables exists.

For some system designs analyzed, the energy outputs of algal biofuels (and co-products if they are
produced) are less than the energy inputs for producing the fuel.

Estimated values for energy return on investment range from 0.13 to 3.33. The estimated
consumptive use of fresh water for producing 1 liter of gasoline equivalent of algal biofuel

is 3.15 to 3,650 liters, depending on whether the algae or cyanobacteria need to be harvested
to be processed to fuels or if they secrete fuel products; whether fresh water, inland saline
water, marine water, or wastewater is used as a culture medium; the climatic condition of

the region if open ponds are used; and whether the harvest water from algae cultivation

is recycled.

In other words, at least 123 billion liters of water would be needed to produce
39 billion liters of algal biofuels or an equivalent of 5 percent of U.S. demand for transportation
fuels.

The estimated requirement for nitrogen and phosphorus needed to produce that amount of algal
biofuels ranges from 6 million to 15 million metric tons of nitrogen and from 1 million to 2 million
metric tons of phosphorus if the nutrients are not recycled or included and used in coproducts.

Those estimated requirements represent 44 to 107 percent of the total nitrogen use and 20 to 51 percent of total
phosphorus use in the United States.”



Strategic Issues Bioenergy (as Renewable)

1. Pollution from combustion, particles, smog, net GHG emission,

2. CO, atmospheric residence time during vegetation regrowth (not ren.)
3. Deterioration of soil by deforestation, mono-crop plantations,

4. Use of arable land competes with food production - food prices,

5. Energy density, low heating value,

6. Climate/weather dependence,

7. Excessive use of water,

8. Use of fertilizer feed stock (nitrogen, phosphates),

9. Efficiency of fermentation process,

10. Economics, requires mandates & subsidies.

For scalability & sustainable use: Need technological breakthroughs



GeoThermal

W. Udo Schréder, 2025 "

Geothermal Power




Agenda

 Geothermal energy production
U.S./global geothermal resources
Power plant,
Heat exchange, entropy

« Thermodynamics (Cont’'d Thermal work and energy)
Ideal gas EoS,
Thermal processes, equilibration,
Cyclic processes,
Thermal engines, heat pumps



U.S. Geothermal Resources

o
‘ . 200°C

150°C

100°C

Most of the geothermal power plants in the United States are in western states
and Hawaii, where geothermal energy resources are close to the earth's
surface. California generates the most electricity from geothermal energy. The
Geysers dry steam reservoir in Northern California is the largest known dry
stearmyfield in the world and has been producing electricity since 1960.



U.S. Geothermal Power Electricity Generation 2022

State share of total U.S. geothermal  Geothermal share of total state

electricity generation electricity generation
California 69.5% 5.8%
Nevada 24.2% 9.6%
Utah 2.7% 1.2%
Hawaii 1.8% 3.2%
Oregon 1.2% 0.3%
Idaho 0.5% 0.5%
New Mexico 0.3% 0.1%

2022: US produced about 17 TWh (17 billion kWh) = 0.4% of total U.S. utility-scale electricity
generation.
(Utility-scale power plants: capacity 2 1 megawatt (1MW,) of electricity generation)

W. Udo Schréder, 2025 GeoThermal


https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=table_1_01_a

Geothermal Depth Profile

Worldwide simplest (conventional/ancient) direct use: building/district heating.
Utility: Geothermal electrical power plants, Residential: geothermal heat pumps, A/C

Generating technology: Inject fresh water

Temperature (°C) (hydro fracturing), extract hot water >
0 20 40 60 80 100 120 . . .
R P MR S T NP 0 steam - drive steam turbines & electric
Iceland Thermal Profile | generators
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Flash-Steam Power Plant

https://www.energy.gov/eere/geothermal/electricity-generation

Binary Cycle
Power Plant

Secondary Cycle

Primary Cycle

W. Udo Schroder, 2025
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Heat Exchangers (Shell-and-Tube/Finned-Tube)

i o] HOL Fluid/Gas
Coolant ouAtIc: inlet Baffles

- Front-end
-« header
-
<.

Rear-end
header

A\
Shell Tube
outlet inlet

Cooled Fluid/Gas Coolant

Finned-Tubes
Heat
Exchanger

W. Udo Schroder, 2025 GeoThermal 13



Simulation: Energy Equilibration

)
_O
|

Observation: time-dependent equilibration of temperatures T;
£ mean energy per constituent (particle)

A R e
A

R R
- C A

ME AP Discrete energy states of 2
a wi Systeml System2 Average . . b
a wiw similar interacting systems
j l Initial conditions
I — -

<E>~E=E & <E,>=0

Initial mean energies
<e,>, =E,/A, & <e,>, =E,/A,

Random + energy and
+ momentum exchange

Final mean energies
= thermalization achieved

O TR —— °9°-'- <ek>i9 Ei/Ai =E/(A1+A2)N7-i=T
Thermal ‘ Equilibrium energy fluctuations

Contact

2\ ,_ 2 2
W. Udo Schréder, 2025 GeoThermal 1=




Dynamical Equilibrium @ Maximum Entropy, Multiplicity

Transitions from one s.p. state (pixel;) to another (pixel;) are micro-reversible (unlikely).
Q > 1 Equilibrium configurations

(energy) = E/N « T temperature

":'.:'."' 5 out
ofa»1| m.p. ustates of max Entropy

.| ustates

-‘.(.
Many (=Q) ~ :-‘ o -" ¢;u . iys
Naturally Spontanem> Equilbrium /gy "iv-’:“‘ i R s | Occupation probability Py ~ 1/Q

multi-particle! “ i
“u-states” ;d

v, TEoppeih gaul g oo of s.p. state {i, j} in given ustate

-—-—__——‘ -

Q=exp{S/ky| <> S=ky -Ln Q=—k; - > p,-Lnp, » % io}ésij >

Dynamical equilibrium between equivalent states (@ max entropy = complexity

all have the same = max likelihood —|AS =0 = same complexity |

Spontaneous processes AS >0 occupy previously empty config. space

» Set off process i — [ by heating~>|Macr0scopic TD:AS, = % >0 ::_ll‘gitsfer

"heating"increases system randomness in transfer AE = q inmany

|n ~ (q/ k,T )Steps|—> even distribution over all dof <E > / dof o k,T

W. Udo Schréder, 2025 GeoThermal 15



Agenda

Energy conservatior, conversion, and transforrmation

« Geothermal energy production
U.S./global geothermal resources

Power plant,
Heat exchange, entropy

« Thermodynamics (Cont’d Thermal work and energy)
Ideal gas EoS,
Thermal processes, equilibration,
Cyclic processes,
Thermal engines, heat pumps

« Conventional thermal power plants
Real gases/substances
Steam and gas turbines
Fossil fuel combustion

Carbon capture & sequestration

W. Udo Schroder, 2025 GeoThermal



Thermodynamics: Ideal-Gas Equations of State EoS

Robert Boyle, Guillaume Amontons, Gay-Lussac, Dalton,..

a Response of dilute gases of specified amounts (#moles = n, Avogadro)

Rober

= Boyle's Law P(V)ox1/V or |P-V =const(n,T)
t 3’

ie Amontons' (Gay —Lussac's) Law |P(T) :P(O)-[1+a-TC]oc T

1627-

Charles' Law V(T,)=V(0°C)-[1+a-T.| »|V(T )T |(Kelvin)

Compression

I a= 3.66-103/9C = 1/273°C -> absolute
temperature T

EoS of Ideal Gases

Isentropic T=const. [P-V=n-R-T=N- kg T

Polytropic EoS P-V’” =const;
Polytrope coefficient y =C,/C,

T-V'™ =const

Joseph Louis
Gay-Lussac
1778-18 20 Thermal energy content|Q=C, , -T| Empirical Law

2 Specific Heats @P = const. or V = const.




Reversible Circular Processes on EoS Hyperplane

al Cac FOS _ Circular, reversible process
Ideal-Gas EOS P.V=R.T A BSCSDSA

on the EoS hyperplane

e —
p(Pa) A> B along Expand @Thn Contract @Tc
1.105 -E 400K I F | 7
N 1 _____
4 . A
7.510 ' R ® . P
ALY \ VAL RAAT RS ‘ . . :
® 7 P’ @ 7. P |@®
5.10% ° ° ¢
2.5-10%
) Q‘l‘
Compression C > D along Q

isotherm T, = 300K

@ returns the IG system to its
N AN initial state A after a

V() 100L N combination of slow
(=reversible) expansion and
R = 0.0821 liter-atm/mol-K Heat and cool the working IG volume @ specific
R = 8.3145 J/mol-K times 2 Cyclic thermal engine




Thermal Engine with Ideal Working Medium

Ideal-gas system (N particles) in alternating contact
with Heat Bath @ 7, and Cold Sink @ T, < T,

P1

pV-work
w = -p-AV

U, EN‘%]‘BTl

¢q1>O,ASI >0

V,
wy =-[ p(V,T)aVv
- NKgT; L (/%)

In isothermal expansion, medium does
work on surrounding, but its internal

energy remains constant: Energy loss is
compensated by equal heat absorption >
w, =-9q< 0, 4S = (q/T) <Ln(V,/V,)

EoS:p-V=N-kg-T

0->1 Heat absorption go>0 g 4
Isochoric compression :
@V,=const, w,=0 O sO

1->2 Isothermal expansion
@T,=const A
tE=0

gas does work w;<0
2->3 Isochoric decompression

absorbs q,>0

@V,=const, w,=0 2 O

cools T,> T, -4

by emitting g,<0 . e
3->0 compression A

o

0->1 Heating 4

o

Sign convention: Internal energy gain orloss'c"

na -




Thermal Engine with Ideal Working Medium

Ideal-gas system (N particles) in alternating contact

with Heat Bath @ T, and Cold Sink @ T, < T, EoS:p-V=N-kg-T
0->1 Heat absorption go> 0 o | 7o
P1 pV-work ‘ Isochoric compression -4 -
A w=-p-AV @V,=const, wy=0 O IO
U =N. k T 1->2 Isothermal expansion

@T,=const
¢q1>o 45,>0 gas does work w;<0 M
absorbs ;>0

g,3<0 2->3 Isochoric decompression
@V,=const, w,=0

cools T,>T, s
V by emitting g,3<0 . e
V1 Vz 3->4 Isothermal compression
In one cycle the gas absorbs net heat @T,=const<T, AQ
energy and does the net work, 4S,.,=0 work done on gas w,>0 :
W =W+ W,=-Aq=Cy-[T,-T,], 4S,=-45, Needs cooling > emits ;<0 e
Closed clockwise CW p-V processes 4->1 Isochoric compression@V,;=const,

enclose negative work done by system. w=0, heats T,>T, by absorbing q,;=-q53
CCW processes enclose positive work 20



Thermal Engine with Ideal Working Medium

Ideal-gas system (N particles) in alternating contact |[EoS: p-V =N -kg-T
with Heat Bath @ 7, and Cold Sink @ 7, < T,

1->2 Isothermal expansion @T,;=const

:—jv (V,T)av
= NKgT; -Ln(V V) Ejr e
A

Y _ NkgLn| A |- 29 —>(3J NkgLn| Y2 | = as,
T v,) T, ) i

3->4 Isothermal compression @T,<T,

wzz—j p(V,T)dv {”‘

Isochoric legs: No net heat
transfer> no change net AS Wy _ NkBLn(ﬁ] N (ﬂ = Nkgln [%} AS,

T2 T2 2

g; = (T-AS)I.;AS = |AS;|

21



Stirling Heat Engine ()

Closed-cycle regenerative heat engine with

self-contained, permanent working fluid/gas.
Displacer directs flow of working gas.

Stirling engine can be driven by any

temperature gradient, e.g., solar radiation,

nuclear decay heat.

Applications: concentrated solar insolation,

submarines, space craft, ..

»

/"/ 3 Regeneratio.r;\"\\
Heati : t \..'\
% c:ﬁ;&%f Expansionat constant
- | volume temperature i
3 7
[7)] ;
1)) s
2
o Cooling at
Compression at constantvolume
constanttemperature
1
Volume V
1—2: Compression ‘ 2—3: Heating
Heater Displacer
Regenerator | @
Cooler ? ¢ .
Power |
\
Flywheel

W. Udo Schrdéder, 2025

mal

3—4: Expansion

4—1: Cooling

"
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Stirling Heat Engine: Components

Heater
(Heat exchanger for
. heating)

d Regenerator

(Heat exchanger for

| accumulated heat)

Cooler
(Heat exchanger for
cooling)

W. Udo Schroder, 2025

\

»

Expansion space
(high temperature) Change relative
proportions of working
gas in high- and low-
Displacer | temperature spaces
piston A
" Acted on by force of
. — working gas expansion
(low temperature) and contraction .
(thereby generating
Power piston torque)
A
/|
Flywheel on
Crankshaft
GeoThermal

23



Entropy Flow in Carnot Engines

Carnot Heat Engine

(py, V;) | Reversible processes

-W = Qpt+qQ.=
= AS'(Th 'Tc)
g.= -AS'T,

r.{

Hydrodynamic Power Plant I

—W +
g = — qh QC
q q5
g=l+de =12 >
Th—)oo
q h
Water stream from reservoir carries

energy driving an electric generator.



Residential Heat Pump

Carnot heating: In-ground heat pump absorbs
heat energy Qg ®4S-T, from under ground T,
heat bath to preheat expanded work fluid/gas.
Compressor provides differential heat Q;, =-

AS-T;, required for sustaining temperature T;,.

-J\ﬂ A T — j";"?‘.:’}—»i —
o g Lin (30°C)

Work fluid transfers
heat Q;, <0 to tank
and interior. Iso-
thermal expansion
after expansion
nozzle in ground
loop heat exchanger.

Req. compressor work
W = Cair : (T,n - 7-air) - ‘Qg‘

W. Udo Schroder, 2025 GeoThermal 25



Office of
ENERGY EFFICIENCY &
RENEWABLE ENERGY

GEOTHERMAL TECHNOLOGIES OFFICE

Fiscal Years 2022-2026

MULTI-YEAR

PROGRAM PLAN

district Heating mstallatlons an'd- by mstalllng
GHPs in 28 million households nationwide by
2050.

Strategic Goal 3: Deliver economic,
environmental, and social justice
advancements through increased geothermal
technology deployment.
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