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Abstract:

The successful development of a simplified AHT for use as chiller plant in an
AWG application was recently patented by the AWG company. This lead to the
construction of a commercial prototype early 2021 and paved the way for full
REHOS cycle deployment, making real contributions to mitigation of global
warming.

The full REHOS cycle, where the developed AHT is regeneratively coupled to an
ORC is modeled in this paper. Using this model of the binary (NH, - H,O) cycle,
process parameters were trended, highlighting the best practical range of
operation where the thermodynamic cycle demonstrate the highest efficiency
performance, summarized as: Input thermal energy (5°C < Waste Heat Input Q
< 80°C) is converted in the REHOS cycle to delivering 15% of Q as power, 10%
of Q as hot water and 100% of Q as chilled water. The hot and chilled water may
be mixed together, then delivering 90% of Q as chilled output with the power.

Seven divergent, extremely commercially lucrative example applications spell out
the large commercial value of this REHOS technology with the serious potential
of really chilling the globe in addition to drastically reducing CO, released into the

atmosphere.
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1. Introduction

All energy on earth eventually contribute to heat the globe. Take the chemical
energy in a liquid fossil fuel as an example. Solar radiation energy was used
millions of years ago to capture carbon and build long carbon chains, trapping
and preserving the solar energy deep underground. We now mine it, purify it and
use the energy of combustion in an internal combustion (IC) engine. These
engines are at best ~ 40% efficient, rejecting 60% of the chemical energy in the
fuel as heat, back into the environment. The 40% energy available as shaft
power, is used to propel a motor vehicle against friction in the bearings and air
friction, converting all that engine power back to low grade heat of the
environment....

Even the high-grade energy we know as electricity is generated in a fossil
combustion (most likely coal fired) power plant with an efficiency ~ 35% and the
balance of chemical energy in the coal is directly rejected into the environment.
Transmission of the electricity convert a percentage (eg. 5 - 10%) to resistive
heat in the power lines, and the electricity delivered to the actual user now only
25 - 30% of the original chemical energy in the coal, trapped inside a few million
years ago. The user may use the electricity to power a number of electronic
servers used for data computations in a Data Centre, where all the energy is
gradually converted to heat in the electronic chips. This waste heat is removed
by chilling plants, fans, coolers and air conditioning systems and rejected into the
environment, heating the globe....

This is why man is striving to maximize conversion efficiency, so as to minimize
the requirement to produce more energy, warming the planet. Using renewable
energy however, break this cycle. Renewable energy is therefore that energy that
would be absorbed on earth anyway (direct solar irradiation by the sun), or that
have already been degraded to waste heat (giving rise to winds, waves and
sensible heat in air and water). Using renewable energy therefore actually reduce
the heating of the globe, effectively mitigating the global warming directly.

Nature is in balance, as CO, in the atmosphere is bound by photosynthesis to

form part of green plants. Using active bio-material to produce fuels for
combustion in various machines therefore does not upset the balance. Bio-
material produced and stored deep underground as fossil fuels, however, upset
this delicate balance and its combustion produce additional CO,, circulating the

earth and shield radiant heat loss from the globe like a greenhouse, adding to
heating the earth.

De-carbonization of all sectors of the industry have been happening way too
slowly, and therefore earth is facing catastrophic warming, forcing us all to
intensify efforts to accelerate de-carbonization of not only the power generation
sector, but all sectors including mining, industry and the transport sector, namely
land-, marine-, and air transport.
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The UN drive for mitigation of global warming and de-carbonization to keep the
planet temperature rise < 2°C (but preferably < 1.5°C) above pre-industrial levels
is said not to be possible unless we do something drastically in the next 10 year
window. All countries around the globe are called up to assist with policies and
solutions to aggressively drive de-carbonization.

2. Renewable Energy

Total solar energy reaching earth as proportion of global human energy
production was highlighted by Manowska & Nowrot in their 2019 publication [11].
They conclude that in the year 2000, man produced ~ 0.0414% of the total
heating effect of solar irradiation reaching earth. This can also be written as the
solar energy received on earth from our sun is 2415 times what the total global
energy production by man was in the year 2000. The same figures for the year
2017 is 0.0577% or 1733 times human energy production. This not only show us
how vast the renewable (solar) energy availability is, but also highlight the huge
increase in man-made earth heating effect during the past 2 decades....

Using this solar irradiance for converting directly to electricity is one option, but
not without challenges, though. Every conversion process we use for generating
electricity needs a certain land area, and taking the total lifecycle energy
production into consideration, it is also required to calculate land areas for
producing the feedstock (mining for fossil combustion and fuel crops for
biomass). These spatial footprints give us an idea of the power generation
density applicable to generators we have become used to.

Spatial footprints of power output from various power generators as detailed by
Cheng & Hammond [10] published in 2016 and some findings are listed below:

Coal combustion  3.63 - 4.00 km*/TWh calculating to 262 kWh/m?.annum

LNG combustion  0.09 km? /TWh calculating to 11100 kWh/m?.annum
Nuclear Power 0.3-0.5 km*/TWh calculating to 2500 kWh/m?.annum
Wind Power 1.15 - 44.17 km* /TWh calculating to 44 kwh/m?.annum
Solar PV 16.17 - 20.47 km®/TWh  calculating to 55 kWh/m*.annum
Biomass Power 470 km®/TWh calculating to 2 kwWh / m*.annum

Note that the area footprint for Solar PV and Wind generation is some 50 times
the area requirement for Nuclear Power. Spatial footprint of coal fired power is
also much larger than nuclear, as the coal mining operation area requirement
also form part of the coal fired power generation spatial footprint. Biomass need
the largest land area, as the cultivation of the feedstock use very large
agricultural fields.
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This low power density of solar PV and Wind power is the reason renewable
energy is said to produce "dilute electricity", compared to Gas and Nuclear. On
top of this, solar irradiation varies tremendously across the globe, noting that a
one (1) kWp PV panel in the UK on average deliver ~ 750 kWh/a but ~ 1680
kWh/a in South Africa. South Africa is thus endowed with a very high solar
irradiance, making the renewable solar power very cheap relative to Europe.

3. Recovery of Renewable Environmental Energy

Solar Cells convert the photon-energy in the sun's rays directly to electricity, and
coupling a number of cells together in a solar (PV) panel has the advantage of
not using any moving parts, however, the energy density is low as a result of the
low solar irradiation falling on earth.

Solar energy may also be used indirectly, in conversion systems like Solar
Thermal-, Wind-, and Wave Power, but all these conversions suffer from low
energy density. Other indirect renewable energy concepts are also used, eg.
Long Term Storage energy recovery like Tidal, Ocean Thermal (OTEC), Heat
Pumps delivering hot water for domestic use as example. Although OTEC
systems generate power from the thermal stored energy in the sea, the
conversion efficiency is extremely low and the high capital investments required
to increase the scale for greater economy make this type of renewable energy
somewhat in-accessible.

Heat pumps may be used to extract sensible heat from the environment (cooling
it down in the process) but it use expensive external energy (eg. electricity) to
pump heat. The conventional vapor compression (VC) heatpumps generally use
electricity to pump heat. Typical electricity usage of a VC heatpump for extracting
thermal energy from ambient water and dissipating it into the air, chilling the
water down to a temperature just above freezing, amount to ~ 8.2% (as a
minimum) of the thermal heat load. This means that extracting 100 kW thermal
energy from an ambient water source, would use 8.2 kWe to achieve that.

4. Absorption Heat Transformers (AHT)

Absorption heat transformers (AHT) use much less electricity, as the heat
pumping action is actually powered by thermal energy. It uses electricity only for
internal liquid pumping, being a few orders of magnitude smaller than the energy
requirement of a vapor compressor as used in the VC heatpump. Much more
details of the history and development of the simplified AHT was published by
Enslin [2] in January 2019.

More recently, a simplified AHT pilot plant was constructed and tested in 2020
specifically for the purpose of ironing out all the teething challenges for the
commercial use as VC replacement air chiller in an atmospheric water generator
(AWG). For details, see the recent report on Pilot testing viability of Simplified
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AHT for AWG use reported by Enslin & Murray [1], published February 2021.
Typical performance as a function of the temperature lift or "upgrade" from the
source (waste) heat input temperature for this application is presented in the
graph of figure 1. In this graph the real thermodynamic efficiency calculated as:

Heat _ Pumped _ QLin

COP, . = =
AT Energy _Used  (Quupient = Qcnitiea)

{1}

Note the value decrease with increasing temperature lift, but has a value > 0.7 for
temperature lift values less than 40°C. For cascaded stages of AHT where the
upgraded heat from the first stage is used as input heat for the second stage, the
overall COP values decrease, as the values are calculated as:

COP, COP. *COP,

Cascade — Stage_1 Stage_2 {2}

and for identical performance the cascade value is simply the square of the
single stage performance.
Figure 1
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Figure 2 represent a pressure-temperature diagram of the simplified AHT.
The simplified AHT is sketched as a pseudo-isobaric temperature gliding bubble

reactor fitted with an evaporator operated at a slightly higher pressure to facilitate
spontaneous vapor flow from the evaporator to the absorber section of the
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bubble reactor. Vapor generated in the evaporator is absorbed in the absorber
section of the bubble reactor, generating heat that raises the temperature. Most
of this heat is removed from the absorber in a H/E coil, (high temperature heat
sink), while the remaining heat is used in the reactor to power the isobaric,
temperature gliding distillation (NH3 concentrating) endothermic process. The
ammonia-rich liquid mixture at the cold end of the bubble reactor is pumped to
the slightly higher evaporator pressure.

Although heat input into the evaporator is sketched in figure 2 as a single arrow
into the evaporator, it is actually a flow process, where the waste heat source
water (@ ambient temperature) flows into the evaporator, and as a result of heat
being extracted from this liquid stream, the liquid exit stream is chilled to a much
lower temperature. This is more visible in the simplified block diagram of the AHT
as sketched in figure 3.

Figure 2
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In figure 3, it is clear that in this simplified AHT, ambient temperature water is
used as input (sensible) heat source, and due to heat extraction in the
evaporator, this ambient water stream is chilled down to low temperature water
output. Some of the extracted heat is used internally for the distillation process,
and the balance is delivered as heated water output at the upgraded or "lifted"
temperature. Because the internal distillation process utilize some of the
extracted heat to power the process, the AHT efficiency or COP is always a
value below 1, as we noticed also in the performance graph of figure 1.
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Figure 3
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The most important aspect of the AHT is the very low electricity requirement. It
actually use the thermal energy in the water to power the heat pumping process,
and electricity is only used to power the liquid pumps, generally some two orders
of magnitude smaller than a vapor compressor.

5. Centrifugal Reactor AHT Prototype Model

The pseudo-isobaric bubble reactor utilize the density difference in a zeotropic
binary mixture of NH, —H,O between a hot, low NH, concentration liquid and a

colder, higher NH, concentration liquid in a gravity field. Much higher rates of

density separation is possible using a centrifugal force field instead of gravity, so
the prototype commercial AWG unit we are constructing use a centrifugal reactor
instead, as sketched in figure 4. This concept have several advantages over the
standard vertical gravity-dependent pilot model we tested, as we were able to
integrate various pumps including the water distribution pump with the rotating
absorber and bubble reactor. This simplify the total AHT plant substantially, and
is also physically smaller due to higher rates of H/E in the direct contact
distillation column.
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Figure 4

Centrifuge Module Utilized in Prototype
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Note, however, that the hot water generated by the AHT is simply discarded and
mixed with the chilled water after AWG use for complete energy balance
purposes.

Before detailed design is possible, it is required to build a model in software
(Microsoft Excel used here) to be able to calculate the energy flow and heat
balances in the various components forming the complete process. This soft
model also allow scenario testing and graph generation before the physical
construction is started.

To model the process, it was required to generate two separate sets of lookup
tables for the NH, —H,O binary mixtures used. A set of tables was generated for
the mixture process parameters encountered at various different value constant
pressure operations, as well as a separate set for various constant %NH, in the

binary mixtures. These were made possible deriving it and correlating with the
work of Ganesh & Srinivas [9] published in 2017.

The distillation column in the centrifugal field was modeled by dividing it into 10
annular liquid ring segments, spread radially outwards from the centre of rotation
with stepwise (10 steps) increased diameters. The pressure in each segment
was calculated as the previous (smaller diameter) segment pressure added to
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the centrifugal pressure of the liquid column formed by the radial thickness of the
segment. The saturation pressures so calculated therefore increased stepwise in
10 steps from the rotation centre to the outer periphery.

The NH3 concentration was assumed to be increasing linearly from the hot
absorber section at the outer periphery radially inwards to the colder section near
the centre of rotation. With both the (saturation) pressure and the NH3
concentration fixed, all the other parameters (including the temperature) could be
obtained using the lookup tables for constant pressure. Vapor inflow from the
outer periphery and liquid outflow in counter flow from the centre of rotation made
the calculations dynamic and with mass-, as well as species- balance done in
each segment sequentially, heat balance could be established in each segment
by iteratively changing the mass of heated, lower %NH3 counter flow liquid
leaving each segment flowing radially outwards. The accumulated mass ratio of
heated liquid radial outflow, to the condensing vapor radial inflow increase
gradually with segment diameter, and reach a value of ~ 40:1 at the outer
peripheral absorber section. Close to the absorber section where the heated
liquid temperature is fairly high, a cooling water coil is inserted to remove the
heat generated by the condensing vapor being absorbed into the liquid mixture.
This 40:1 recirculation value in the distillation section, gave very stable and
realistic performance values, also generating very realistic void fractions
persistent in each segment.

Using this balanced distillation column also facilitated very simple overall mass-,
species-, and energy balance in all other components of the AHT and the add-on
equipment. It also present the opportunity to make use of the heated CW outlet
water for generating some power in an external ORC.

6. AHT-ORC Coupling & the REHOS Cycle

In this soft model the hot water is not simply discarded, but it is used to power an
organic rankine cycle (ORC) for the generation of power. A portion of this hot
water is used for powering the ORC, may also be bypassing the ORC completely
to be able to calculate the pure AHT performance only. The percentage hot water
used for ORC is designated as a parameter (Z) for calculations, to make it easy
to evaluate performance using different values of Z without the need to change
any formulas. The soft model can be graphically represented as process layout in
figure 5 below. The different energy flows in the various flow stream lines were
named by the letter Q with a specific name added as subscript. This make the
labelled values in the formulas easily referenced on the process layout of figure
5.

Figure 5 actually forms a graphical representation of the novel, patented REHOS
Cycle, which is an AHT coupled fully regeneratively to an ORC, for the
generation of power. Heat rejection of the power generation unit as a whole is
done via a chilled water outlet, and the REHOS cycle does not need any
condenser.....
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Figure 5
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The symbols added to the sketch in figure 5 are used throughout this description
for formulas and calculations. Energy input to the AHT is calculated as (Q, —Q, )

Q Q
COP,,, =—~L =~ 3
(Qz _Qa) Qinput { }

and the hot AHT output water carry energy Q, at the upgraded temperature T

which is higher than the ambient temperature T,
available to the ORC is:

. By definition, the heat

ater

QORC =2Q {4}
and
Qup =(1-2)Q, {5}
Overall energy balance:
Quater = E = Quom {6}

Should you attempt to get the maximum power from a flowing stream of hot
water using an ORC, a certain amount of heat is unavailable due to the H/E
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pinch temperature you have to use. Using the zeotropic binary mixture as
medium, however, allow some temperature gliding, absorbing more heat from the
hot stream and lowering the unavailable heat from the hot source. This
unavailable heat we designated as Q, and may be calculated as the difference

between the ideal carnot efficiency power and the real ORC power generated E.

Q, - z.Ql.(l—T;ﬂ)—E o

Lift

The ORC heat rejection is used as regenerative heat, added to the ambient input
water heat Q,., :

ater

Qregen = ZQl -E- Qd {8}
Heat balance around the liquid output node:

Qcom = Qbyp + Qd + QS {9}

AHT input node heat balance:
Quater = Qinput ~ Qregen {10}
Incorporating formula {8} into equation {10}:
Quater = Qs —Z.Q, +E +Q, {11}

Incorporating formula {3} and {6} into equation {11}:

Ql TW
= — 7.0, (Water 12
QNater COPAHT Ql ( TLiﬁ ) { }
ORC efficiency calculation:
E
Tlore = 70, {13}

and defining a fraction X which is a function of the specific media (refrigerant)
used inside the ORC as well as the temperature range of operation. This factor
normally range between 80% - 90%, and for the NH, mixture we use, we have
assumed the value of X = 85%.

Nore = X TMean {14}

where the subscript "CAN" refer to the standard Curzon-Ahlborn-Novikov efficiency
well known in the literature, representing the maximum ORC efficiency available, (using
a single component refrigerant), working between the 2 mentioned temperatures:
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T
Nean = (1= -\Il_\/ater ) {15}
Lift

REHOS Cycle efficiency, defined as Power Output divided by the Heat Input:

E
nREHOS ) Q\Nater {16}
Incorporating formula {13}, {14}, {15} and {12} into equation {16} :
Z.X. (1 [Tuaer
TReros = 1 -ll_—lﬁ {17}
[ _ Z.( Water )]
C:C)PAHT TLift

The soft model was also used to trend some of the more interesting parameters
in the REHOS Cycle as shown in figure 6. Note that for these trends of figure 6,
parameter Z was set fixed at 100%, so maximum power is generated by the ORC
and Q,, =0 .

Figure 6
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In this graph note the bruto REHOS cycle efficiency stay above 10% when the
AHT temperature lift increase from 15°C to 30°C and drop to ~ 9.3% if the temp
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lift increase further to 40°C. The REHOS netto power with all pumping, even CW
circulation pumping subtracted, is very stable > 6% from a temp lift of 25°C to
50°C, and the maximum of ~ 6.4% @ a temperature lift of 35°C is very stable on
a flat section of the curve. It is also much higher than the corresponding plain
bruto ORC (the red curve) for the same temperature lift.

Note that the dual stage operation does not increase the power output efficiency,
in fact it lowers the efficiency substantially with increasing temperature lift. This is
due to the decreasing and much lower dual stage COP,,,; as we have already

seen in the AHT performance curve of figure 1, also generated by the same soft
model.

These curves was made with ambient input temperature of 20°C, making the
average reactor pressure about 3 Bar Abs, but different values of ambient
temperatures between 5°C - 55°C was also simulated and the results are nearly
identical. With increasing inlet temperature the average saturation pressure just
increase as @ 55°C the pressures run at 8 Bar Abs.....For REHOS cycles to be
used at higher temperatures, it is recommended to use different zeotropic binary
media eg. LiBr—H,O or other zeotropic refrigerant mixtures.

Using the model and formulas as listed, the various energy outputs may be
written in terms of the Input energy (maintaining the temperature lift as 35°C) as
follows using Z = 100% and X = 85%:

E =6.4%.Q; {18}
Qhot = 12'5%'Qinput {19}
Qchilled = 100%'Qinput {20}
Qcom = 87'5%'Qinput {21}

It is very useful to know that using a REHOS cycle (designed with separated
media refrigerants for the AHT and the ORC) the power output as percentage of
the thermal input energy is fairly constant at 6.4%, not dependent on the actual
input energy temperature level.

Also, temperature levels of the outputs depend on the mass flow only, as the
amount of thermal energy in the stream is fixed. As example let's assume the
inlet temperature of a water stream is 20°C and the amount of thermal energy
extracted from the stream (Q,,. ) is set at 100 kW. Should we need the chilled

output water to be 5°C, we would throttle the chilled water outflow to 5.73
m®/hour , but if we are not really interested in so low chilling temperature, we

could throttle the chilled water flow to 43.25 m®/ hour to deliver water at 18°C,
only 2°C lower than the input water temperature. Similarly, as the hot water
output is only 12.5% of the input energy, if we throttle the hot water line to 0.36
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m®/hour , the hot stream temperature would be 50°C, but if we only need 30°C,
we would throttle to 1.08 m®/hour to achieve that.

All the above discussions, formulas and results assumed the ORC added to the
AHT was added with isolated internal media, meaning that a different refrigerant
may have been used in the ORC than the binary mixture used as media in the
AHT. The heat transfer was done via H/E, isolating the media from each other.
Should this not be the case, however, and the zeotropic binary media
(NH,-H,O ) is used for both the AHT as well as the ORC, isobaric temperature

gliding in the ORC evaporator as well as in the ORC condenser, convert the
ORC into a Lorenz cycle. The effects have been very accurately documented in
the thesis published by Jensen in 2015 [24] presented as part of his PhD degree.
He has described that using the Lorenz effects within NH, —H,O binary mixtures
the maximum power efficiency the ORC generate, is not limited to the Curzon-

Ahlborn-Novikov efficiency as listed in formula {15}, but may in fact be some
110% - 130% of the ideal Carnot calculation!

Using a zeotropic binary mixture as media for the ORC, the isobaric temperature
gliding of both the ORC evaporator and the ORC condenser (heat rejection),
make the low temperature T not a single value, but rather the log mean of the

water

two temperatures where condensing start and where it ends. Similarly, the high
temperature T, is now calculated as the log mean of the temperatures where

evaporation start and where it ends after gliding. The ORC efficiency first
presented as formula {14} in our calculations should then rather be written as:

T
Moge = X.(1-—2 122}

lift
using the log mean temperatures as mentioned and incorporating this into the

REHOS efficiency calculation of formula {17} the REHOS-Lorenz efficiency may
be calculated as:

T

Z.X . (1——hater)
_ Tt 23
TIReHOS-Lorenz = 1 T {23}
[ _ Z .( water )]
COP,.ir Tt

With any specific NH, concentration in the ORC circuit, a specific saturation
pressure used in the evaporator would allow the temperature gliding to produce
an ORC efficiency equal to carnot efficiency using the original single values of
temperatures T,,., and T, . This make the calculation values using equation

water
{23} correct in all cases. This bruto efficiency using equation {23} was also
plotted on the graph of figure 6, as the brown "Lorenz Bruto" and with the internal
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pumping, fan and water circulation pumping energy subtracted, the netto
efficiency, plotted as the pink "Lorenz Nett" efficiency curve in figure 6. This
drastically increase the REHOS power output values to > 15% in the range of
AHT temperature lift between 20°C - 40°C. As more heat is used to generate this
power, also the hot water outlet would be reduced by a few percent. The cycle
output conditions as detailed in formula {18} - {21} may now be re-defined:

E= 15%.Qinput
Quot ~ 10%'Qinput
Qchilled = 100%'Qinput
Qum ~ 90%.Qinput

{24}
{25}
{26}
127}

These formulas {24} - {27}, were used exclusively for all subsequent illustrations
and examples. It is just practical to use the higher power output available using
the same zeotropic binary mixture for both the AHT and the ORC.

Figure 7

A Typical Conventional AWG Machine
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Should we compare the use of the REHOS cycle as chiller in an AWG water
generator unit to the conventional VC chiller we note the overall energy balance:
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With the conventional VC machine sketched in figure 7, the outlet air is slightly
warmer than the inlet air (by +0.34°C in this example).Using the AHT as chiller,
however, the scenario is slightly different. As you can see in figure 8, in addition
to the air inlet and outlet, you also have ambient water inlet and chilled water
outlet. The difference in temperature of the inlet and outlet water (energy levels)
is used to power the chiller heat pump. The AWG unit use two H/E coils,
however, one for cooling down the inlet ambient air so water can condense out,
and another "hot" coil using any internal remaining energy to re-heat the air after
the water have been removed. In figure 8, all remaining energy in the water
streams are combined and used to re-heat the air. Even when all other
temperatures are equal, energy balance with this AWG machine result in the
outlet air at a slightly lower temperature (by -0.97°C in this example) than the
input air.

Figure 8

A Novel Patented AHT AWG Machine
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Should we add a small ORC (just large enough to provide pumping and fan
energy to the AHT), making it totally external electricity-free, the outlet air chilling
is even more pronounced. This is shown clearly in figure 9 with the outlet air
chilled much more (to -1.71°C in this example). All other output stream energy is
again equalized by adding the only temperature change from heat balance to the
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outlet air temperature. Outlet hot as well as cold water streams are also recycled,
combined to form the input water stream.

Power generated by the small ORC driven from the hot water stream is only
large enough to provide the AHT with the required electricity to drive the liquid
pumps and the air fan. In the formulas the value of parameter Z in this case had
to be set to about 25%, bypassing some 75% of the hot water stream. This give a
fully autonomous AWG operation, not requiring any external electricity, and
would be very useful for providing water for human consumption as well as
limited agriculture in extreme draught-stricken parts of the world. It is most
definitely the future of AWG as it also bypass all the external electricity costs
currently associated with the VC type chillers used in conventional AWG
machines, dropping the cost of water production to be competitive with current
municipal water supplies.....

Figure 9

A Future AHT-ORC AWG Machine

Electricity Input
(ZERO Watts)

Novel Absorption \

1
Heat Transformer |
1
1

Ambient Air Inlet (AHT) type Chiller Outlet Air
—— with Small ORC
: Powering AHT : (-1.71°C)
| |
| |
1 Temp Lift 35°C 1
Ambient Water Inlet : :
it AWG
] ] .
(Heat Source) i ; Chilled Water
1 1 Outlet
\ !
\ ’
~ 7/

AWG Water Outlet
(100 L/day)

Should we concentrate on maximizing the power output to produce an AWG
machine, but also supply additional electricity that may be required eg. for water
reticulation, pumping the water produced by the machine over long distances, we
would set the parameter Z in our formulas to 100%. This allow the production of
about 1 kW, netto (conservatively for our example case) of electricity output for

external use, with the 100 L/day AWG water produced.
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Notice the large value of chilled air output (-3.71°C in this example machine),
dropping below the ambient inlet air temperature as shown in figure 10. As the air
flow through this AWG machines are quite high, the chilling effect of the output
air is substantial, also helping to chill indoor air (part of air conditioning) in the
warmer climate countries where this technology may be needed to provide potent
water for human consumption due to draught and near-desert environmental
conditions. A shopping centre utilizing this REHOS based AWG machine to
provide potent water, may also provide chilled air for air conditioning (A/C) for the
shopping centre, saving a tremendous amount of electricity use......

The AWPG machine may very well become the future basis to draw power and
water from the air for delivery to communities in remote area's far removed from
the local electricity network grids, due to the modular, yet simple design easily
mass-produced, chilling the globe wherever it is deployed. In the shopping centre
example, this machine could deliver drinking water, A/C as well as some
electricity to save more utility electricity bills!

Figure 10

A Future REHOS AWPG Machine
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Figure 10 is an example of thermal energy extracted from the environment (the
air) for use as power, cold as well as hot water. Thermal energy may of course
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be extracted also from the environment as ambient water, using heat exchangers
which are very much smaller (and cheaper) that H/E for heat removal from the
air. A few example cases of practical uses are presented in section 7 to illustrate
the versatility of the REHOS cycle, but the list is by no means exhaustive.

7. Example Applications:

7.1  REHOS Chiller utilized for Electronics Cooling in a Data Centre

This application focus on the ability of the REHOS cycle to provide chilled water
for cooling applications, replacing power-hungry A/C equipment to save money
that would have been spent on electricity bills. Power is also recovered and
added to the saving.

Some second generation ORC suppliers can now generate electricity
economically from waste heat sources at a temperature as low as 80°C. Take
Datacenter coolers as example. Datacenters are forced to use active coolers to
dispose of all the heat generated by their servers and electronics packed into
cubicles, as higher electronic computing speed and density heat up the chips and
components to their maximum, currently limited to around 80°C. A typical
Datacenter can pack servers and modules into a single cubicle with heat
generating losses in excess of 16 kW, and if the Datacenter is very small, it may
have 10 cubicles only, with the waste heat generated by these electronics
already adding up to 160 kW of waste heat that need to be disposed. Using a
conventional VC type chiller to do the cooling, would require ~ 8.2% of the heat
to be removed, as electricity, and at a cost of R1-50/kWh, costs soar to R472-32
per 24 hour day, adding up to R172 397-00 pa. It therefore makes sense to look
at alternative cooling strategies.

A certain cooling system supplier from Germany of second generation state-of-
the-art ORC technology, can now convert this waste heat, at the ultra-low grade
temperature below 80°C to electricity amounting to 8 kWe, to be credited on the
Datacenter's electricity bill. With the high prevailing electricity price, the payback
time for such an ORC system incorporated in the cooling strategy and financed
from the savings, would be conservatively 5.5 years, even though the heat-to-
power conversion efficiency is only 5%, as reported by Ebrahimi et al [1] in 2017.

The REHOS cycle we described, however, may supply chilled water as CW to
the Datacenter, and as the water heat up in absorbing this 160 kW, recovering
15% (as per equation {24}) of this heat as power, therefore generating 24 kW of
power to be additionally subtracted from the Datacenter supply power. The
saving would therefore be the original cooling system electricity cost of R472-32
per day plus power sold as 576 kWh @ R1-50/kWh calculating to R864-00 per
day. The total saving would therefore be R1 336-32 per day, adding up to R487
756-00 pa. or 23% of the actual electricity bill! This totally overshadow the
already excellent German technology performance.
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7.2 REHOS Generator utilized for Utility P/S CW Heat Recovery

In this application the REHOS cycle not only produce some 15% power (as per
equation {24}) from the hot CW flow, but also create a chilled CW output to feed
the condenser with near-ambient temperature to utilize all the REHOS cycle
advantages to produce maximum power from the CW circuit of a conventional
rankine cycle for profitable decarbonization of fossil combustion power
generation.

Let's have a closer look at the CW circuit in a large utility scale dry-cooled power
station (P/S) like Kendal of the electricity utility Eskom in South Africa. This
pulverized coal fired P/S deliver 686 MW electrical power into the national grid at
a thermodynamic efficiency of 42%. CW therefore remove 947 MW thermal
energy from the condenser where the cold CW from the cooling tower enter the
condenser at 34°C and leave at 48°C at MCR. The sheer volume of CW flow is
staggering, and lend itself perfectly to modular, stepwise de-carbonization as
follows:

Re-routing a pre-defined portion (66.7 MW) ultra-low quality waste heat at 48°C
through a REHOS Generator would generate 10 MW electricity from it (15% as
per equation {24}) and deliver CW chilled to below the required 34°C (closer to
ambient temperature) to send back to the P/S condenser. The power generated
represent a 1.46% saving on power needed to be generated by the station to
produce 686 MW. Also, 1.46% fossil fuel combustion is avoided, obviously with
the corresponding savings on the coal purchased, saving on ash removal and
flue gas cleaning, as well as carbon credits resulting from the carbon footprint
reduction. The cooling tower also need to dissipate 66.7 MW (7%) less heat into
the environment. Kendal is dry cooled, but if it was a wet-cooled station, the
water saving would also have been be substantial. A wet-cooled coal-fired P/S of

this size use ~ 25 000 m®/day water, so the water saving would have been ~ 7%

calculating to 1750 m®/ day , regarded very highly in South Africa, as ours is a
water-scarce country. As no fuel need to be purchased for the REHOS
Generator, its operation is cheaper than the P/S rankine cycle, so adding this 10
MW heat recovery generator actually decrease the cost of generating power from
this P/S. The implementation over time therefore become profitable as the
working units pay for themselves in a very short time.

The chosen modular 10 MW REHOS Generator would be a small enough capital
investment to be able to implement it from the annual maintenance budget, yet in
only 7 steps already > 10% of the station power would be generated by
recovered CW heat, requiring 10% less fossil fuel to be purchased. Installation is
non-invasive to the rest of the P/S operation, and therefore does not require the
station to be switched off, so the gradual, step-wise de-carbonization of the
complete coal fired compliment of the utility power generation fleet will proceed
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profitable, each unit providing additional monetary and environmental incentive
to continue.....gradually over time reducing the carbon footprint of the P/S.

7.3 A Mobile REHOS Charger for BEV's

The REHOS cycle ability to extract thermal energy from the air via a chilled water
coil and converting some of this energy into 15% power (as per equation {24}) is
utilized in this application to generate mobile power for BEV charging, also while
travelling to decrease battery requirements as well as electricity grid dependency
for mobile BEV's in the transport sector.

A typical passenger motor vehicle shaped nicely aerodynamic, will have a drag

coefficient of ~ 0.36, and with a frontal area of ~ 2.1 m” this vehicle would need:
@ 100 km/h => 10 kW power needed
@ 120 km/h => 17 kW power needed
@ 140 km/h => 27 kW power needed
The typical electric vehicle running off batteries (BEV) is therefore equipped with
a 120 kWh battery to achieve a reasonable range of ~ 6 hours drive => 600 km.

Should we therefore develop a 15 kW REHOS mobile charger extracting thermal
energy from the ambient air, at the delivery efficiency of 15% (as per equation
{24}), the thermal energy required to be extracted would calculate to 100 kW.
From our experience with AWG technology, the H/E required would have a air
inlet area of only 0.91 m?, which can easily be accommodated on the vehicle
roof. This H/E would be chilled with the produced chilled water at about 5°C to
extract the heat from the air. Delivering 15 kW continuously, a battery is only
required to provide the peak energy available for acceleration. The mentioned
battery pack of 120 kWh may therefore be reduced to only 25%, or 30 kWh for
the same driving achievement as the original BEV. This REHOS-Charged vehicle
just need no external charging, and becomes totally self-sufficient, requiring no
fuel and emit nothing into the environment!

A true revolution in mobilily de-carbonization....
7.4  Large Mine Chillers using REHOS Technology

This application utilize the maximum chilling output, together with the maximum
power generation (15% as per equation {24}) for chilled water reticulation in large
electricity-free chillers to replace current power-hungry mine chillers and some of
the water reticulation electricity requirements for the mining industry.

In the deep level mining industry chillers of sizes larger than 2 - 3 MW chilling
capacity are common, and normally a number of chillers serve a single mine.
Let's take the example of a deep level mine using 4 x 3 MW chillers on the
surface at the mouth of the mine, pumping chilled water down into the mine and
spending typically some 25% of the total mine operational costs on electricity for
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chilling with a very large percentage of electricity use of the mine for water
reticulation and pumping.

Should we assume three out of the four chillers run continuously in this example
mine, requiring (some 8.2%) of 9 MW = 738 kW of electrical power, and at least
twice as much for water and chilled water pumping. At the electricity purchase
rate of R1-50/kWh, the 53136 kWh daily accumulation add up very quickly to an
operational running cost of R 79704 per day....

A REHOS Chiller set would deliver the 9 MW chiller energy (as per equation
{26}) and as by-product, also some 15% (as per equation {24}) power calculating
to 32400 kWh and displacing the actual use of municipal power, saving R 48600
per day on the electricity bill.

Added together, the saving resulting from not using electricity for chilling of
17712 kWh and the REHOS power of 32400 kWh produce a operational saving
of 50112 kWh or R 75168 per day, or 94% of the original mine (without REHOS
chillers), chilling cost! What mine would not jump at the idea of replacing
conventional chillers with REHOS technology generating a saving of R 27 Million
annually, even if a part of this would finance the REHOS installation.....

7.5 A RAW-Pump utilized as Marine Propulsion Power Unit

In this application thermal energy extracted from a large water body like the sea
is used as power source for propulsion purposes, removing the requirement of
marine vessels to use a fossil fuel like diesel or bunker oil for propulsion. The
term RAW-Pump refer to a REHOS Autarkic Water pump, where the thermal
energy in the water is extracted and used to power a generator, as well as the
pump that deliver this water as hydraulic energy (used for propulsion jets in this
case).

Looking at the sea-going freighter benchmark ship of 13000 ton we notice power
is produced in a large main diesel engine rated at 4.17 MW. This is
supplemented by three auxiliary engines of 750 kW each, adding up to 2.25 MW.
This make the total available power to the ship propulsion 6.42 MW.

As the ship's design speed is 13.3 knots and the average fuel index for HFO
combustion is 3.15 g / (ton - mile), the average energy (41.5 MJ / kg) flow during
the voyage suggest 7.225 MW of chemical energy input to the diesels. As the
very large diesels convert the fuel into mechanical power with a thermodynamic
efficiency of ~ 50%, the actual average real propulsion power used to travel at
13.3 knots calculate to 3.613 MW continuously.

Utilizing a few REHOS Generators to provide this power at 15% efficiency, the
thermal energy that need to be extracted from the sea-water at 20°C calculate to
24.09 MW thermal, and assuming the H/E used will drop the water temperature

by 2°C only, calculate to a water mass of 2878 kg/s or 10381 m* / hour . With
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front-facing pipes for sea-water inflow at a velocity of 4.105 m/s (60% of the ship
forward velocity of 6.842 m/s) and assuming we use 10 inlet pipes, the inlet pipes
would only be 300 mm diameter.....

10 REHOS Generators of 361 kW power output each would take the place of the
fossil combustion power plant, assisting hugely not only with money saving, but
complete marine propulsion de-carbonization and chilling the global seawater at
a rate of 19.27 MW thermal reduction (90% of 24 MW as per equation {27}).
Adding this solution to most marine freight-moving vessels would make a real
contribution in chilling our planet, not to mention the large reduction in CO,

achievable.....all this on the revolutionary cost of fuel saving!
7.6 REHOS Generator extracting Energy from the Sea for H2 Production

This application demonstrate the practicality of using the vast ocean as sensible
heat reservoir for extracting thermal energy to generate power (some 15% as per
equation {24}) from, exporting as H, and hydrogen carrying chemicals like NH,

for the rapidly exploding global energy market. This energy carrier is seen as the
major contributor for mobility de-carbonization, especially aero-mobility.

Using electricity for powering electrolizers commercially, we know the process
need 60 kWh / kg H, but the current electrolizers are only 70% efficient,

therefore needing 85.7 kWh / kg H, produced. This need a lot of renewable
energy to produce Green Hydrogen on a commercial scale.

According to Dr Tobias Bishoff-Niemz (Enertrag South Africa CEO) in an article
about the Hydrogen Economy called "Power-to-X" published in Engineering
News of 26 Feb - 4 Mar, 2021, the global demand for green hydrogen would soar
to 600 million tons/annum by 2050. South Africa is ideally endowed with
renewable resources to capture some 5% to 10% of this market in H, exports, to

earn some €50-billion in exports. As South Africa's GDP is only about €300-
billion, this is a huge growth and is likely to create at least 500 000 jobs directly,
not to mention the millions indirectly....

To capture 5% of this market, however, we need to produce 30-million tons of
green hydrogen, requiring 2571-billion kWh / annum of renewable energy. Using
solar PV and Wind require the spatial footprint land area of 55 and 44

kWh / m?.annum respectively, averaging 50 kWh/m?.annum . This require a spatial
footprint area of 51 429 km?, representing quite a large piece of land. Should we
use REHOS Generator technology, however, the complete scenario change.

The REHOS generator may extract waste heat from the sea to produce power
continuously (assume 7000 hours per annum). The size of machine required,
would need to be 368 MW electrical, and at 15% conversion rate (equation {24})
the thermal energy it needs to extract from the sea would calculate to 2453 MW.
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Considering the Koeberg nuclear power station in the Western Cape at full power

discharge about 80 m®/s of cooling water into the ocean at ~ 10°C higher than
ambient. This represent a heat load dumped into the sea of 3341 MW. With this
perspective, the REHOS plant suggested would use about 73% of the discarded
heat of Koeberg to generate 368 MW electricity continuously for export in the
form of H,. With no fuel needed, this installation would very soon pay for itself.

This is a no-brainer that need to be pursued urgently....and we do not need to
stop at 5% of this very lucrative green H, exploding international market.

Modular, systematic smaller installations everywhere across South Africa next to
large water bodies would certainly help to chill our feverish planet?

7.7 A REHOS Chiller enhancing PV installations

The REHOS cycle ability to extract thermal energy from the environment via a
chilled water coil and converting some of this energy into 15% power (as per
equation {24}) is utilized in this application to generate power, but at the same
time, provide chilled cooling water for cooling down PV panels for efficiency
increase, panel washing to remove dust as well as extracting atmospheric water
from the air (AWG) to supplement the washing water volume in arid countries.

We know that PV panels are heat-sensitive, and should the panel temperature
rise above 25°C, power output is degraded at the rate of its temperature
coefficient, which in general for mono-crystalline silicon cells would typically be
0.5%/°C. This result in a degrading in a hot desert-like environment at 45°C
ambient of more than 10%. High solar irradiation areas normally also have a dust
problem, so panel cleaning becomes critical to maintain the power output, but
high irradiation areas very often also have a water shortage, making panel
cleaning very difficult and expensive.

The conversion efficiency of large mass-produced PV panels are rarely > 15%,
although technologies progressively develop higher efficiency panels. Large
utility-scale PV plants, however, make use of the older generation panels, as
they require a lower capital outlay. Lets assume we have a 50 MWp PV
installation made up from 200 000 PV panels of 250 Wp each (with conversion
efficiency n=12.9%)) in a fairly dry land area. Due to the low conversion

efficiency, the major portion of the solar incidence is directly contributing to
heating the panels, so waste heat is abundant in excess of 388 MW. The panels
are therefore mounted off the ground to allow cooling natural airflow, and are
mounted skew with some 20° with the horizontal, so dust will drop off and not
accumulate on the panel. This plant perform mediocre, only for the 6 hours direct
sunshine daily, but power drop off by as much as 2.5 MW during the hottest
period in the day, due to ambient temperatures soaring.

To this plant, we add a number of REHOS Chillers, operated from a reservoir of

ambient water to deliver 50 MW additional non-intermittent electrical power to the
station. The thermal energy used, need to be extracted from the ambient water,
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to the value of 333 MW (15% efficiency as per equation {24}), and chilled water
at 5°C is also produced (equation {27}) to the value of 300 MW. This 5°C chilled
water is pumped to the upper edge of the PV panel rows, and slots in the
polyurethane piping allow chilled water to run over the face of the panels, not
only cleaning it in the process, but also cooling it to average ~ 15°C. The water is
then collected at the lower edge of the panel in a hollow plastic pipe collector
(polyurethane pipe split open), from where it is accumulated and pumped back to
the reservoir via a filter to remove the dust. The chilled water at 5°C (very often
below dew point) washing over the accumulated large area of PV panels, also
chill the air in immediate contact and condense some water from it into the chilled
liquid film, accumulating with the washing water and supplement the water
volume in the main reservoir.

With this addition, not only are dust removal challenges overcome, it also
accumulate and supplement its own water from the atmosphere (AWG) and in
addition generate an additional 50 MW of non-intermittent REHOS power (some
of this obviously used for cooling water reticulation). Cooling of the PV panels
increase the photovoltaic power generated by close to 5%, boosting photovoltaic
power from the panels to 52.5 MW. The station output therefore ramp up from 50
MW during the non-sunshine hours, to 102.5 MWp during the 6 sunshine hours,
but only 50% intermittent!

Again, a no brainer......
Real commercially lucrative applications of REHOS technology are only limited

by our own small imagination....and the more widespread this technology is
deployment, the faster we can chill our planet.....
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