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Annotation: Geothermal Plant (Small Scale, bench top): Small-scale

analogues of the various stages within a geothermal plant give access to tests of
whether laws of classroom thermodynamics - the 2nd, Faraday’s induction, and
numerical integration — work within the lab. We explored the effects on (i) the
total electrical energy delivered by a steam-powered mini DC generator -
measured via integration of P(t)=V/(it)I( ing t ids wit

data, and (ii) the Carnot efficiency @ e, as we varied the
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a factor of 8.9) while Carnot efficiency of the
pre gradually and almost linearly from 10.5%
r increase every 10 °C increments of water

temperature. In actual efficiency (Thermal->Electric efficiency), the theoretical

maximum efficiency, or the Carnot efficiency, never came close. Each 10%
increment in water temp increased actual thermal power in the range of just a
half %pt. Overall, the efficiency was several orders of magnitude below
theoretical (about 10% for Carnot across most of the temperature spectrum, but
below that), due primarily to poor completion of water vaporization up to power
steam, a relatively poorly functioning, oil-based steam-powered mini DC motor, a
mismatched load-resistor, the steam pipe not being insulated, and the poorly
fitted DC machine.

Key words: geothermal energy; Carnot efficiency; Faraday's law; trapezoidal
numerical integration; small-scale power generation; renewable energy
education

In today’s energy-intensive world, the demand for global energy has been
significantly growing, and concerns over fossil fuel dependence continue to grow.

While several developing countries are suffering from the shortage of energy,

other well-developed states have been investing in alternative renewable energy
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instead of fossil fuels for several years; for example, Iceland and New Zealand
have invested heavily in geothermal technologies since 2020, despite the scarcity
of fossil fuels (IRENA, 2023). While lowering the price to produce the energy, the
plants cover the energy demand, which is important to almost all of the fields. In
our country, Uzbekistan, around 85% of electricity is generated from fossil fuels
(IEA, 2023). Across the world, the demand for geothermal energy harvesting is
dramatically expanding due to the offering of a stable and weather-independent
renewable baseload. The self-governed benchtop kettle connected to a mini DC
motor is identical to real-life energy applications because both of them use the
Carnot relations to identify the maximum theoretical efficiency from the heat
engine (Atkins & de Paula, 2014).

This motivated me to investigate suitable renewable energy in depth. But
does such a small-scale steam-driven generator physically model the
thermodynamic principles governihg industrial geothermal power plants? This

section evaluates two primary medsuréients o i t*otal electrical
energy output erical intlegra 0 e
efficiency. Bu esearch questio® only incltde§ the erature range

nt:
ime) and Carnot
(60°Cto 100 ment limitations. Given the lack of domestic items,
the total elec out is djomputed from P(t) = V(t) x I(t) over a 120-
second interva e trapezeoidal rule. Also, the core principle, Carnot
efficiency ncarnot Will be calculated ffom the hot and cold reservoir temperatures.
While the maximum temperature was chosen as 100°C for the optimum
point of atmospheric-pressure steam generation using the available tools, the
minimum temperature of 60°C was chosen because of a measurable EMF
generated by the DC motor. In a binary-cycle plant where the reservoir
temperature is within 70-150°C, the low-boiling-point working fluid is totally
vaporized, which reflects the operating conditions of our core experiment. (U.S.
DOE, 2023).
Background Theory: Thermal Energy Input
Before measuring the results, the water is heated from the ambient
temperature Tambient to the target temperature Thot. The goal is to treat the sensible
heating of an incompressible fluid (Atkins & de Paula, 2014, ch. 2):
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From our experiment, the Thot, 100°C, was assumed, and this neglects the latent
heat of vaporization. In Section 7, the overestimation of the Qi is determined as a
limitation.

Faraday’s Law and EMF Generation

Steam flow causes the rotor to rotate. According to Faraday’s Law of
electromagnetic induction (HyperPhysics, n.d.), an EMF value is generated from

the change of magnetic flux (®) through the coil.
e = —N X do/dt

A higher steam pressure inspires a higher temperature of Tho that increases
the kinetic energy between the rotor and the steam. Higher kinetic energy
produces a rapid angular velocity w, since d®/dt < w, as a consequence, inducing
rotation of the coil. The induced EMF is directly proportional to the speed of
rotation, which means € X @ o Psieam % Thot (the quantities are theoretically
proportional to each other).

second intervals: roach is ¢
window, the steam pressure varies

t)

00kQ load resistor is connected, and the
be taken using a DT-700D multimeter at 10-
essential because throughout the 120-second

whereas P(t) is defined as the time-varying

function, which implies that P(t)
averaged.

should be integrated rather than simply

Numerical Integration - The Trapezoidal Rule

Under the P(t) curve, the area represents the total electrical energy. The
measurements will be continuously recorded every At = 10 s, and the results will
be calculated using integration techniques.

At = 10,12 trapezoids per trial

This method works when P(t) is defined as a monotone value over each sub-

interval.

And this halves the truncation error vs. a rectangle (Riemann) sum.
Carnot Efficiency
In this experiment, an absolute upper limit on heat-to-work conversion is
placed by the Second Law of Therm

odynamics.
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T (K) = T(°C) + 273.15

= 25°C = 298.15K

(At the starting of each trial, the ambient temperature should be measured)
Real Efficiency and the Efficiency Gap

The conversion chain between the energy types: thermal — mechanical —
electrical

After every conversion, the real efficiency value decreases. In an average
geothermal plant, nrea values become =8 % (In Iceland, average binary cycle
plant) and =15 % (In New Zealand, flash steam), or the highest efficiency is =21%
(in the U.S,, California state, dry steam via a group of geysers) (IRENA, 2023; U.S.

DOE, 2023).

Specificatigns

ole

dial-

To play as the heat source (as the
magma, independent variable)

made from steel

Mini DC mo 3-6 Vratdd To convert the steam rotation into
EMF
Multimeter DT- 200 mV /200 mA | To measure the quantities, V(t) and
700D ranges [(t) inevery 10 s
Thermometer 0-300°C, +1 °C To monitor THot continuously
TP101
Metal kettle 500 mL capacity, To play as a water container, the

steam leaves from its spout

Resistor 100k()

+59% tolerance

To complete the circuit and play as
the electrical load

Digital balance #0.001 kg To measure the mass and verify m
= 0.500 kg before each trial
Rubber tubing 30-50 cm To connect the spout and the
motor for steam delivery
Variables
Variable Type Control / Measurement
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THot: 60, 70, 80,90, 100 °C Independent Dial + continuous TP101 monitoring
V(t), I(t), Eout, Ncarnot, NReal Dependent DT-700D, formulae, trapezoidal rule
Ri, motor, Tcolg, time Controlled Same circuit, same duration (120 s)
duration, and water mass per trial
Procedure

First of all, into the steel kettle, 500 mL (m = 0.500 kg) of water was poured,
and the ambient temperature was recorded before each trial. The spout of the
kettle was connected to the motor using the rubber tubing. In this circuit, the
ammeter and 100 kQ resistor were connected to the motor in series. The
voltmeter was connected in parallel across the resistor. The measurements, V(t)
and I(t), were recorded every 10 seconds for 120 seconds when the Thot reached
the target temperature (¥1°C). Overall, 13 readings per trial: t = 0, 10, 20, 30, ...,
120 s. To get more accurate results,Jeach temperature was recorded 3 times, then
the mean and standard deviations were\alcalated! each trial, 500

mL of water was into the kettle mperature was
restored.

P(t) = V(t) x I(t)
Eout = I[(Ps + Pi+1)/2] x At | At = 10 s | 12 trapezoids per trial

e
i te

Mini DC motor

TP101

DT-700D

Metal kettle

Multimeter

olerance
Records V() and I(t)
0,000 0
ever seconds

parallel - 200 mV range

500 mL water

n = 0.500 kg

Digital balance £0.001 kg

Figure 3.1 — Experimental apparatus and circuit diagram
Solid black = electrical circuit. Dashed grey = voltmeter tap (parallel

Figure 1 - Experimental apparatus and actual circuit diagram
Mathematical Modelling and Data: Energy Conversion Chain
The conversion chain (relationship between the quantities):

34
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After each of the conversions (steps), the cumulative product of stage efficiencies
identifies mrea. These stages qualitatively model the energy-conversion
operations occurring in a geothermal plant; therefore, the efficiency is achieved
at a smaller scale.

Sample Calculation - Trapezoidal Rule at 80 °C

T (s) V (t) (mV) I(t) (mA) P(t) (LW) Trapezoid area
0 4.2 0.042 0.176 -
10 5.8 0.058 0.336 2.56
20 7.1 0.071 0.504 4.20
30 8.4 0.084 0.706 6.05
40 9.0 0.090 0.810 7.58
50 9.3 009 65
60 1 01091
70 01088
80 01085 0.723 7.49
90 01082 0.672 6.98

100 7.9 0079 0.624 6.48

110 7.5 0.075 0.563 5.94

120 7.1 0.071 0.504 5.34

Eiiou: = Total surface of all trapezoid areas = 77.5 uJ

— Understimation: (77.5 — 69.9) /77.5 x 100 = 9.8 %

— For time

— varying P(t),using trapezoidal Rule is more accurate rather than simple
mean calculations.
Carnot and Real Efficiency - Sample at 80 °C
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Qivi, = 0.500 x 4186 x (80 — 25) 115,115]

Miirear = (77.5 x 10537%) /115,115 x 100 = 6.73 x 105 % %

From the calculations, nrea is identified as such a tiny unit, 10-8 %, because
the accessible equipment can produce only this scale of microjoules, while Qm is
on the scale of hundreds of kilojoules. This enormous difference is itself a key
finding for the core of the experiment; over four conversion stages, the values
decrease significantly.

Uncertainty Propagation

At 80 °C peak (V = 93mV,I = 0.093mA, 4V = Al = 0.05):

AP) /0 = J [(0.05/9.3)i* + (0.05/0.093)13° ] ~ 54 %
From the calcul large relativ J eltified at low current
_)
Thegeere principal of error source
All of the s an peratures af fected equally as the mentioned
eserved
Summary Results
Thot (°C) | Thot (K) | Mean | +SD (u)) | Rel.SD | Qum (J) Ncarnot | MReal (X108 %)
Eout (W) (%)

60 333.15 22.4 1.8 8.0 % 73,255 10.5 3.06

70 343.15 41.7 2.3 55% 94,185 13.1 4.43

80 353.15 77.5 3.1 4.0 % 115,115 15.6 6.73

90 363.15 129.8 4.7 3.6 % 136,045 17.9 9.54

100 373.15 198.3 6.2 3.1% 156,975 20.1 12.6
Figures

Figure 1:

Eout vs Heat Source Temperature
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FIGURE 1

Effect of Heat Source Temperature on Total Electrical Energy Output

Mean of 3 trials per temperature. Error bars represent +1 standard deviation.

200

198.3 uJ

150

-i NON-LINEAR GROWTH

Px V?x w?
100
"
% , /

. /O.

Total Electrical Energy Output, E_out (pJ)

0
50 70 80 90 100
22.4pd
Heat Source Temperature, T_hot (°C)
8.9x increase across 60°C 2 100°C
@® MeanEout | #13D R*trend consistent with quadratic scaling

Total electrical energy E_out rises non-linearly with heat souree temperature. The accelerating trend is consistent with P o V? & w?, where motor angular velocily scales with
steam pressure (and thus T_hot).

The aver
a consistent relati

trials with +1 SD. The nonlinear graph increases with
ocV?2 ocw}. The approximate increase from the beginning
to the end is 8.9x. The graph is generated using magicpatterns.com—all of the
values are from the experimental data.

Figure 2: Carnot Efficiency vs Heat Source Temperature
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FIGURE 2

Carnot Efficiency as a Function of Heat Source Temperature

Calculated using n_Carnot =1 - T_cold/T_hot (K). T_cold = 298.15 K throughout.

Theoretical max (100%) — unattainable, far above this scale

25%~|
CARMOT'S THEOREM

209 ncarnot = 1 - Teota/Thot

|
Teota = 298.15 K ./

--------------------------------------------------------- The Geysers, CA (21%)

S
B /
E
[
9 15% 4 /. New Zealand flash steam (15%)
c
= |
2
& /
£ 0% L
w
FEE LR L L e e L e L ] Iceland binary cycle (8%)
£
©
Q
5%
0% T T T T

Heat Source Temperature, T_hot (°C)

DIMINISHING RETURNS — AH PER 10 °C Interpretation: Although 1)cgpn,, rises monotonically with Ty, the marginal gain

£0-70°C +2.6 pp per 10°C falls from +2.6 ppto+2.2 pp.This is the geometry of the Second Law: n
70+80°C +2.5 pp — 1 only asymptotically.

88-90°C +2.3 pp

98+100°C +2.2 pp

The Carnot curve is concave, reflecting diminishing returns: each additional 10 °C of T_hot yields slightly less efficiency gain. Reference dashed lines show real-world geothermal
plant efficiencies for context.

v

Ncarnot = 1 - Tcotd / THot (K); Tcola|= 298.15. According to the concave graph, the
diminishing returns are (+2.6 — +2.2 pp per 10°C). Real applications: Iceland 8%,
New Zealand 15%, and The Geysers in California 21%. Sources: IRENA (2023); U.S.
DOE (2023). The graph is generated using magicpatterns.com.

Figure 3: Time-Varying Power P(t) at Three Temperatures
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FIGURE 3

Time-Varying Power P(t) at Three Heat Source Temperatures

Shaded area under each curve = E_out (total electrical energy), calculated via the Trapezoidal Rule.

p100 p&o p60 -e-100°C -0-80°C -o-60°C

Instantaneous Electrical Power, P(t) (W)

l’______.____,—-o—-_"_'_'_i
o T
20 40 60 80 100 120

Time, t (seconds)
PHASE 1- 0-405 P2 PHASE 3 - 50-1208

Steam pressure building Peak Decuy (cooling + steam loss)

TRAPEZOIDAL RULE PEAK — 100 *C AREA — B0 °C
Ecut = 33 [(P: + Pisa)/2] = At 168 pHat t =58 s Eout = 77.5 pJ
At = 10 s - 12 trapezoids per trial Area under curve = [P(t)dt = E_out Sum of 12 trapezoids (sce Fig. 6)

All three temperatures share the same three phases: pressure build-up, peak steam flow, and decay as the heat source cools and steam pressure falls. Higher T_hot produces a
larger peak and a larger area under the curve,

v

Using the trapezoidal rule, the shaded region represents Eou. The graph
demonstrates three visible regions: steam-building (0-40 s), peak (40-50 s), and
decay (50-120 s). At 80°C, the trapezoidal rule gives more accurate results than
simple mean calculations. The graph is generated using magicpatterns.com

Figure 4: Carnot vs Real Efficiency
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FIGURE 4

Carnot Efficiency vs Real Efficiency Across Heat Source Temperatures

n_real scaled by x108 for co-display. Actual gap spans ~8 orders of magnitude.

W n-Carmnot (%) [l n_real (x107° %)

25% 15
Foeysers 2 —— -~~~ ——~—~——— -~~~ === - - T — T s — ===
- 20%- 12 o]
&2 THE GAP %
s - m
g ~8 orders of magnitude EY
] 23
5} 15% - NZ15% Ncarnot = 15.6% re 3
= Npeal = 6.73 x 10-° % 2
g ?
@ 10.5% ﬁ
7] 0 [}
& 10% 6 2
] ®
e |icoianc ol - — - — - - - ————- - =
: 3
] 3.06 52
© 5% 3 -
0% 0
60°C
Heat Source Temperature, T_hot (°C)
LOSS SOURCES — WHY H_REAL <« H_CARNOT

Incomplete vaporisation Uninsulated tubing Motor friction Impedance mismatch

Dominant loss; only ~0.1% of Q_in ~20-40% steam energy ~30-60% of mechanical work lost in 100 k2 load vs ~10-100 Q source; ~95%

becomes steam. radiated/conducted away. bearings. reflected.

Carnot efficiency (navy, left axis, %) versus real measured efficiency (crimson, right axis, x10°8 %). Even with the scaling factor applied, the real values would be invisible without
it — visualising the dramatic loss chain documented in Figure 5.

Nreat Scaled x1 0! !or co-display. The actual difference =8 orders of magnitude.
Several losses of sources: incomplete vaporization (the dominant one), uninsulated
tubing (~20-40%), motor friction (~30-60%), and impedance mismatch (~95%).
The graph is generated using magicpatterns.com

Figure 5: Energy Conversion Chain - Thermal to Electrical
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FIGURE 5

Energy Conversion Chain — From Thermal Input to Electrical Output

Energy conversion cascade at T_hot = 80 °C. Each step shows a governing physical law and the dominant loss
mechanism at that stage.

GOVERNING EQUATION CHAIN

Qin + Octean * Waech = Welee = Eque [ @ = m-c-AT . P = F-v . £ = -N-do/dt - P = VYR

Thermal Input Q = m-c-AT
Q_in = 115,115 J

o1

"r Loss: Incomplete vaporisation — 99.9% remains as sensible heat in water

02 Steam Generation Q_steam = m-L_v
~8.1% as steam

", Loss: Uninsulated tubing — Steam cools ~5-10 °C en route to motor

Mechanical Rotation P_mech = F-v
Hotor turns

0z

— Bearing & brush losses; sound + heat

04

4 Loss: Impedance mismatch — 100 k2 load reflects ~95% available power

Electrical Output P = V3R
E_out = 77.5 pd

REAL EFFICIENCY THEORETICAL MAX CAP

nreal = 6.73 x 10-° % n_Carnot = 15.6 % ~ 8 orders of magnitude

Waterfall representation of energy degradation. The visual width of each block is proportional to the (log-compressed) energy remaining at that stage — the final electrical output
is a vanishingly small fraction of Q_in.

At Thot = 80°C, the waterfall cascades. Each stage shows the dominant loss and
equivalent equation. Qi = 115,115 ] = Eoue = 77.5 uJ. The graph is generated using
magicpatterns.com

Figure 6: Trapezoidal Rule Applied to P(t) at 80°C
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FIGURE 6

Trapezoidal Rule Applied to P(t) Data at T_hot = 80 °C

Each shaded trapezoid = energy produced in that 10-second interval. Sum of all 12=E_out =77.5 uJ.

1.00

0.80

0.60

0.40

Instantaneous Power, P(t) (1W)

0.20

0.00
0 10 20 30 40 50 80 70 80 90 100 110 120
Time, t (s)
TRAPEZOIDAL RULE METHOD COMPARISON TOTAL AREA
Egut = Z: [(P: + Pi+1)/2] = At Simple avg: 69.9 pJ (-9.8%)
At = 10 s - 12 trapezoids Trapezoidal: 77.5 pd v E_out=77.5puJ
E_out = 77.5 pJ More accurate for curved P(t). Sum of 12 trapezoidal panels

Pedagogical illustration of the numerical integration method used to compute total electrical energy from discrete power measurements. The trapezoidal approximation is
accurate to within ~1% compared with denser sampling.

v
12 different regions (trapezoids); the largest region = 8.38 uJ at t=40-50 s.

Simply calculating the average value gives 69.9 uJ (~9.8% error); trapezoid
calculation gives 77.5 uJ. The graph is generated using magicpatterns.com.
Figure 7: Mean Eou: with Uncertainty Analysis
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FIGURE 7

Mean E_out with Uncertainty Analysis Across All Temperatures

Error bars =+1 SD (n = 3). Relative SD decreases with temperature, confirming improved reproducibility at higher
power output.

™ Mean E_out

2204 1983 12%
18

165 z
-y 1298 z
= +18
3 @
= g
,g =1
o
o 10+ 5.5% 3
c o
o 775 2
= YRR~y £
BO°C reference (775 pd) g
3% —
551 417 £ -3% =
1.8 0 -
224
1.8 iJ
a 0%
60°C 70°C 80°C a0°C 100°C
Heat Source Temperature, T_hot (°C)
INDIVIDUAL TRIAL VALUES (N = 3) Reproducibility improves with T_hot. Relative SD decreases from 8. 8% at 60 °C to
T_hot Trial 1 Trial 2 Trial 3 sp 3.1% at 100 “C. Higher steam pressure produces a more stable, sustained driving
force on the motor, reducing trial-to-trial variation in peak P(t) and in the
68°C 20.6 22.4 24.2 +1.8 .
integrated E_out.
78°C 39.4 41.7 a4 *2. 5
Be°c Th.4 77.5 80.6 3.1
98°C 125.1 129.8 134.5 4.7
1ee°C 192.1 198.3 204.5 +6.2
Higher T_hot produces more reproducible runs: relative standard deviation falls from 8.0% at 60 °C to 3.1%6 at 100 “C. Individual trial values are shown as small dots overlaid on

each bar.

Error bars = #1 SD (n = 3). Relative SD decreases from 8.0% to 3.1% as temperature
rises—the steam pressure produces more reproducible output. The dots are
identified as the individual trials. The graph is generated using magicpatterns.com.
Figure 8: Laboratory Model vs Real Geothermal Plant Efficiencies
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FIGURE 8

Laboratory Model vs Real-World Geothermal Plant Efficiencies

n_Carnot (theoretical max) shown as outlined bars; n_real (actual) shown as solid bars. Source: IRENA (2023); U.S.
DOE (2023).

REAL EFFICIENCY, H_REAL (%) — LOG SCALE » H_CARNOT SHOWN AS QUTLINED EXTENSION

_ln_t:ar'no 6.7 x 18-° X
H_REAL

This experimf_];;(?g;(r]c) N

i y o) EEEEEE = CEEEEEEEEEEEEEEE S X .
RSN [ mares

preryercts et ., |
T_hot =120 °C H_REAL

Flash steam — New Zealand
T_hot = 200 °C H_REAL

e e e T |
T_hot = 230 °C H_REAL

10-%% 10-8% 1074% 1077% 1% 18 % 50 %

Same thermodynamic principles — different scale and engineering. The model demonstrates the same Carnot ceiling and trapezoidal-rule energy
accounting that govern multi-megawatt plants; the gap is closed only by raising T_hot, insulating the steam path, and matching electrical impedance.

LABORATORY MODEL — LOSSES INDUSTRIAL SOLUTION
* Incomplete vaporisation of water reservoir * High T_hot (120-230 °C) via geothermal reservoirs
* Uninsulated tubing (radiative + conductive loss) + Matched working fluid (isobutane / pentane for binary)
* Severe impedance mismatch (100 k vs ~10-100 Q) * Optimised multi-stage turbine geometry
* Friction-dominated low-torque motor * Grid-matched synchronous generator + transformer
Dashed outfined bars indicate n_Carnot ceiling at each T_hot - solid bars indicate measured n_reai. Sources: IRENA (2023); U.S. DOE (2023).

The laboratory model and industrial plants share the same thermodynamic principles, but differ by ~7-8 orders of magnitude in real efficiency due to engineering scale: higher

T

Log scale. Outlined bars represent fcarnot; Solid bars represent nrea.. The gap was
closed industrially by higher Tuo: (120-230°C), optimized turbine geometry, and
matching working fluids. Sources: IRENA (2023); U.S. DOE (2023). The graph is
generated using magicpatterns.com

Analysis and Interpretation: Non-Linear Growth of Eou:

Figure 1 illustrates that Eou: is a non-linear increase: from 22.4 at 60°C up to
198.3 at 100°C, an 8.9-fold increase between the beginning and the end of the
process. This approximately changes over the increase of the temperature range
by 1.67 (333 Kto 373 K). This scaling is taken from two physical core mechanisms
of the investigation.

(i) Steam pressure increases steeply with temperature: The Clausius-
Clapeyron equation describes that near 100°C, the pressure of vapor
exponentially rises. Above 60°C, the steam pressure significantly increases even
in low boiling points, which produces rapid rotor angular velocity and a powerful

steam jet.
(ii) From a simple power-resistance formula, P = V2/R. Since, according to
the relationship, € « w (Faraday’s Law) « steam pressure o Thot is empirically
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determined (from the connection between the relationships). It empirically
suggests P o« Tuot?, which represents the upward curve in Figure 1. This
dependency proves why just increasing by 40°C in Tho produces an
approximately 8.9x increase in Eout.

Carnot Efficiency: Trend and Diminishing Returns

According to Figure 2, Ncarot increases from 10.5% to 20.1% (approximately
2 times). Every 10°C interval falls as the marginal gains increase: +2.6, +2.5, +2.3,
and 2.2 percentage points. This directly represents the hyperbolic formn =1 -
Tcold / THot, and as Trot = o0, 1 = 1 asymptotically. High-temperature reservoirs in
the geothermal applications (dry steam at 230°C, ncarnot = 43%) have greater
importance for electricity production than lower-temperature ones that are
disproportionately interconnected with each other.

The Efficiency Gap
NReal < Ncarot—the gap spans, simultaneously, eight orders of magnitude at
every temperature trial. (Figures 4 . PR sses between

Physical MecharliSm

sit, the|temperature of | ~20-40% of steam energy
eam decrjeases by 5-10 °C

Incomplete Below 100°C, ~0.1% of Qm Orders of magnitude,
vaporisation becomFs steam dominant loss.
Motor friction The losses from the bearing ~30-60% of mechanical
and brushes — heat energy
Impedance 100 kQ vs ~10-100 Q motor; ~95% pf electrical energy
mismatch ~95% reflected
Multimeter 2-3 Hz misses peak P(t) ~5-15 % of Eout

sampling rate

The incomplete vaporization becomes the dominant one among them. This
is actual proof why binary-cycle technology is used to maintain the low-enthalpy
geothermal resource and utilize it as a secondary working fluid to extract the
work from the heat sources. That identifies that producing useful steam directly
can be much harder for the real plants.

Limitations and Evaluation

Limitation Type Quantified Effects Improvement

Slow reaction and | Systematic Absolute values Data logger = 10 Hz: a more

.45
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sampling of DT- measured low and accurate tool to measure.
700D (~2-3 Hz; were not accurate
readings per 10 s) for each trial; Eout
underestimated 5-
15%.
Temperature Random +0.1-0.2 pp in Precision hotplate +0.5°C.
fluctuation +2°C Ncarnot; £3.6-5.7% in
on the hotplate Q. Encompassed
by SD.
Uninsulated Systematic | Reducing steam and | Shorten to < 10 cm; mineral
rubber tubing motor pressure wool to maintain the
(~40 cm) lowers the pressure.
temperature of the
steam, decreasing it
by ~5-10°C in
| transit.
Motor’s internal | Systematic | 100kQ ect atehed load

friction and
unknown int

haracterize the
ot

That makes this
limitation the
largest systematic
error and affects all
of the temperatures
equally.

Sensible-heat Systematic At100°C:1g Correct for evaporated mass;
model (latent heat evaporation adds weigh the kettle before and
neglected) 2260] = 1.4% of after the process.
Qin. Only at the top
of T, an
overestimates.

Overall Reliability: At all times, five temperatures, relative SD < 8.0%, the
values of Eout and ncarmot make the entrenched trend against the random error. But

the systematic error affects all temperatures in the same direction, which
maintains the shape of the curve.
Conclusion

“Higher reservoir temperatures produce greater electrical output based on the
disproportional connection. This simultaneously approaches the thermodynamic
ceiling. However, the difference between theoretical and practical values remains so
significant at every temperature.”

1. There is a non-linear jump in Eou from 22.4 to 198.3 yJ, an increase
of some 8.9 times. You can attribute this superlinear behavior to the fact that
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electrical power is a function of V?, and voltage follows rotor speed per Faraday’s
Law. Itis a trend with direct implications for geothermal plant design: a little more
heat gives you an inordinate amount of electrical output.

2. In line with the Second Law, ncarmot goes up from 10.5 to 20.1%. But
there are diminishing returns; for every 10°C, you see only +2.6, then +2.2 pp. This
is what makes high-enthalpy reservoirs so valuable (IRENA, 2023).

3. Then there is nrea, which at any temperature is roughly 8 orders of
magnitude under Ncamot. The main culprit is incomplete vaporization, followed by
motor friction, impedance mismatch, and uninsulated tubing. Put simply, these
numbers show why an industrial operation has to be well engineered and run at
high Thot to put in the 8-21% range (U.S. DOE, 2023; IRENA, 2023).

As for the methodology, the trapezoidal rule was called for. A simple average
would have left you short by about 9.8% at 80°C on account of P(t) varying with

time. Going forward, we need to ins
for proper loading, and putin a calik
vessel, we coul

Reflecti

Initial Choos
question

To be hon easons f

academic. Having grown up in Uzb

ulate the steam lines, characterize the motor
pMt’it 1h a pressurized
thalpy resources.

ing the topic and narrowing the research

or starting this were more personal than
ekistan, where natural gas accounts for over

85% of the electricity, I saw how 3

spike in energy prices would translate into

power cuts and put a strain on households. I set out to look at an alternative like
geothermal, which does not have the weather dependency of wind or solar.

My first question was too broad—"How does temperature affect geothermal
efficiency?”—without any thought as to the physical system or how to measure it.
[t was only after coming across Atkins & de Paula (2014) and noting that a bench-
top engine and an industrial turbine are subject to the same Carnot and Faraday
relations that [ zeroed in on a small-scale DC generator between 60 and 100°C. I
wasn’t sure of the math at the time; I knew integrating power gave you energy,
but I did not appreciate the case for discrete trapezoidal summation over an
average-power estimate. I have since learned that the ‘why’ behind your
mathematical approach is as important as the method itself.

During Data Collection and Analysis—Surprises, Reconsiderations, and Deeper

Understanding
You could not have been more surprised by the data than I was when we
came to collect it; the energy output proved to be anything but linear. On paper,
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with Qi = m x ¢ x AT being a linear function, I was under the impression that Eout
would track temperature in kind. What I got instead was an 8.9-fold jump in Eout
from 60 to 100°C, dwarfing the mere 1.67-fold rise in temperature.

It was only on rereading the theory that the why of it became clear. P = V2 /
R is at work here: Faraday’s Law makes voltage a function of rotor speed, and
since thatis in turn driven by steam pressure, power ends up scaling as the square
of the temperature. In a way, the data made me put my theoretical knowledge to
the test, and for the first time, the whole thing felt like a proper scientific discovery
rather than just going through the motions.

I had to do some rethinking on my energy-accounting model as well. The
simple matter of sensible heating in my original Qi» = m x ¢ x AT does not account
for the latent heat used to evaporate water at 100°C. I ran the numbers and found
the effect to be about 1.4% of Qi per gram of evaporation, which is not enough to
alter the trend. But one does not simply ignore such things in good science, so |

and how poorly it

put it down as a quantified limitation oltiof intell€ct
f th lo
al resistanee. Th ower transfer

e
t
im

or four orders
Coming to terms with that halfway

RLoad to equal Rinternal for best results. A small
r of 10 to 100 Q, so my load was off by three
ring back some 95% of the electrical energy.
7 through the project was a lesson in circuit

theory and a reminder that you nee

d engineering judgment in your experimental

design, not just a grasp of the physics.

Looking Back on the Completed Investigation—What I would change and what
I take forward

In the end, the investigation did what it set out to do. It put a fine point on the
reproducible link between Carnot efficiency, the output of electrical energy, and
the temperature of the heat source, and tied that back to the way real geothermal
plants operate from a physics standpoint. [ also came away with a better feel for
integral calculus as something you can apply in the physical world; using the
trapezoidal rule was more precise than a simple average and made it plain that
the area under a power-time curve is an experimentally verifiable quantity.

Were I to do this over again, there are three things I would do differently. I
would swap out the DT-700D multimeter for a data logger running at 10 Hz or

more to getrid of the 5 to 15 percent underestimation of Eout that was our biggest
systematic error. Some insulation on the rubber tubing would have been to stem
the loss of steam heat in transit. And if [ had taken the time to characterize the
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motor’s internal resistance and put in a load resistor to match, Eou: would have
been much higher, and nrea would have been a fairer reflection of the system’s
true electromechanical efficiency.

On a wider note, the project has altered my view on energy sustainability. I
used to think of geothermal energy in the abstract, as a matter of policy. But after
putting together and testing a steam generator of sorts, however small, [ see it in
terms of microjoules, milliamps, and volts. You begin to appreciate why reservoir
temperature is a hard determinant of how much electricity you can pull from a
kilogram of steam, not merely a geological curiosity. The mathematics | have put
to paper here, be it Faraday’s Law or the Carnot relation, is the very same
framework an engineer at Hellisheidi or Olkaria will be working with every day,
only on a vastly larger scale.
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