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Abstract

The storage of the natural gas under liquid phase is widely adopted and one of the intrinsic phenomena occurring in
liquefied natural gas is the so-called boil-off gas; this consists of the regasification of the natural gas due to the ambient
temperature and loss of adiabacity in the storage tank. As the boil-off occurs, the so-called cold energy is released to the
surrounding environment; such a cold energy could potentially be recovered for several end-uses such as cooling power
generation, air separation, air conditioning, dry-ice manufacturing and conditioning of inlet air at the compressor of gas
turbine engines. This paper deals with the benefit corresponding to the cooling down of the inlet air temperature to the
compressor, by means of internal heat transfer recovery from the liquefied natural gas boil-off gas cold energy availability.
The lower the compressor inlet temperature, the higher the gas turbine performance (power and efficiency); the
exploitation of the liquefied natural gas boil-off gas cold energy also corresponds to a higher amount of air flow rate
entering the cycle which plays in favour of the bottoming heat recovery steam generator and the related steam cycle.
Benefit of this solution, in terms of yearly work and gain increase have been established by means of ad hoc developed
component models representing heat transfer device (air/boil-off gas) and heavy duty 300 MW gas turbine. For a given
ambient temperature variability over a year, the results of the analysis have proven that the increase of electricity
production and efficiency due to the boil-off gas cold energy recovery has finally yield a revenue increase of
600,000€ /year.
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utilization, respectively, — which is in agreement with
International Energy Agency (IEA) predictions.” NG
availability around the world is approximately

Introduction

The continuous increase in energy demand leads to

the need to consider additional primary energy
sources (PESs) for electricity, cooling, heating and
water demand. At the same time, the adoption of vari-
ous PESs (such as petroleum, natural gas (NG), coal,
renewables, biomass, etc.) allows addressing the need
for a more sustainable energy production which
encompasses environmental, technical and economic
viability."? In line with PESs diversification, NG has
been widely investigated as a valid oil replacement.
For instance, in the Asian context, in the last few
decades, Japan policy has sought to reduce depend-
ence on imported oil by diversifying the energy mix
into coal, liquefied natural gas (LNG)* and nuclear
power.” Indeed, the interest in NG as a PES has
been continuously increasing over the last decades.*
The NG utilization between 2025 and 2040 is foreseen
to increase by approximately 30 and 60% of the 2014

300,000t cubic feet except for the Middle East
Peninsula that presents a production 10 times
larger.® Such a significant NG availability coupled
with the worldwide energy demand will lead to more
than 460 Mtons of NG crossing the ocean by 2020,'
mainly stored as LNG. The storage of the NG under
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liquid phase is widely adopted and one of the intrinsic
phenomena occurring in LNG is the so-called boil-off
gas (BoG); this consists of the regasification of the
NG due to the ambient temperature and loss of adia-
bacity in the storage tank.” In order to avoid the
issues arising from the high-pressure condition due
to the BoG, some of the gas should be purged from
the storage tank. As the boil-off occurs, the so-called
cold energy is released to the surrounding environ-
ment; such a cold energy could potentially be recov-
ered for several end-uses like cooling power
generation, air separation, air conditioning, dry-ice
manufacturing and conditioning of inlet air at the
compressor of gas turbine (GT) engines (such as
power generation and ships propulsion).®

All of the above considerations about the increase in
the NG demand go along with the need to reduce the
environmental impact of power plants. GT and steam
turbine (ST) combined cycles (CC) hold the largest con-
version efficiency because of the high peak cycle tem-
peratures and the low heat rejection mean temperature.’
The possibility of adopting combined cycle gas turbine
(CCGT) fed totally or partially by the BoG is an inter-
esting option to improve the system performance and
therefore to mitigate pollutants emissions. This paper
deals with the possibility of cooling down the inlet air
temperature to the GT, by means of internal heat trans-
fer recovery from the LNG BoG cold energy availabil-
ity. The lower the inlet temperature, the higher the GT
performance (power and efficiency); the exploitation of
the LNG BoG cold energy also corresponds to a higher
amount of air flow rate entering the cycle which plays in
favour of the bottoming heat recovery steam generator
and the related steam cycle.

Technical background

The liquefaction of NG takes advantage of the differ-
ent boiling points of methane, ethane and other gases
as a way of purifying each substance. A combination
of refrigeration and increased pressure allows each
gas to be stored and transported conveniently.'
Liquefaction process requires a significant amount
of energy that affects the operating costs and terminal
performance.'® ' According to the advanced lique-
faction processes, about 2900 kJ/kg are consumed in
the liquefaction process. Most of the energy is dissi-
pated as heat (2070 kJ/kg) with the remaining stored
in the LNG (830 kJ/kg). It is estimated that when the
LNG is re-gasified to an ambient temperature of
20°C, approximately 830kJ/kg per kg of LNG of
cold energy can be recovered.'> Therefore, there are
on-going researches exploring solutions for partially
recovering the liquefaction energy; these researches
mainly look at direct cold energy utilization'® and
power plant performance improvement by internal
heat recovery processes.'’

The BoG represents approximately 0.10-0.15% of
the typical LNG tank storage capacity depending on

the boundary conditions and the storage technol-
ogy.'® 2 Prediction of the BoG rate and heat transfer
rates'” is a crucial task for exploring the possible
application of BoG recovery systems in the LNG ter-
minals and in the LNG carriers. Different possibilities
for handling the BoG have been explored in Spain as
reported in Querol et al.>! Among the proposed solu-
tions (torch, re-condenser, compressor and re-
liquefaction plant) the authors in Querol et al.*!
have presented a plant layout for usefully recovering
the cold energy available in the BoG mass fraction
during the re-gasification process; a combined heat
and power (CHP) arrangement was proposed to eco-
nomically produce electricity by means of the BoG
and improvement on the power plant arrangement
was proven. Another CHP application by using a top-
ping air Brayton cycle and a bottoming Helium or
Nitrogen cycle has been explored in Dispenza
et al.;?>?* the LNG re-gasification cold energy was
used to cool down the bottoming cycle working
fluid at the condenser. For 80 MW Helium and
60 MW Nitrogen cycle, a net efficiency of approxi-
mately 45 and 41% could be achieved, respectively.
Also in La Rocca,?* the benefit of LNG regasification
has been demonstrated for an ethane-based power
plant cycle showing that for 2b of Stm® LNG regasi-
fication capacity, it is possible to recover 50 MW and
up to 3MW. The capability of recovering cold energy
from the LNG and BoG re-gasification has also been
studied for carbon capture and storage, where the
benefit in terms of cost avoidance for CO, treatment
is presented.”>?® Another study explored the oppor-
tunity to exploit the LNG cold energy for a supercrit-
ical CO, cycle coupled with an air separation unit.
The study shows that utilization for LNG cold
energy for pre-cooling the compressor inlet tempera-
ture brings to about 55% reduction in compressor
power consumption.?’ In the same work, another pro-
posed solution is to utilize such a cold energy for cool-
ing down the condenser of the trans-critical CO,
presented power plant. Another application for the
reuse of the LNG cold energy is for waste heat recov-
ery applications such as organic Rankine cycles
(ORC:s). The possibility of cooling down the working
fluid in the condenser by means of the cold energy
available from the LNG allows reducing turbine
back-pressure; under optimal conditions more than
60% thermal efficiency increase has been proven.”®
A combined cycle consisting of a direct vapour solar
ORC and LNG power generation is presented in Rao
et al.;* the work highlights the benefit of exploiting
the LNG cold energy at the condenser thus contribut-
ing to improve the exergetic efficiency (from 4% of the
baseline configuration to 10% of the LNG option)
and to reduce the overall solar collector and heat
exchanger surfaces up to 80 and 30%, respectively.
On the power generation side, cold energy from rega-
sification in LNG terminals could be utilized to
improve performance of CCGT power plants. Both
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the intake air conditioning (simple configuration) and
the steam cycle condenser cooling down (complex
configuration) solutions have been investigated;
the results of the investigation have shown significant
improvement from 49 up to 55% in the simple con-
figuration and up to 58% in the complex one.

Unlike previously published research, in which the
LNG cold energy availability comes from the demand
of the regasification terminal, the proposed paper
intends to analyse the case in which the amount of
the BoG/LNG matches with the required fuel flow
rate required by the GT. This means that for small
scale GT (<100 MW), the typical BoG daily rate
would be sufficient for running the GT at nominal
condition, whereas for large scale GT (up to
350 MW), the BoG will have to be integrated with
some additional LNG regasification; the improvement
in GT performance (power and efficiency), when the
cold energy is used to cool down the air intake to the
compressor (through internal heat recovery), is
assessed and quantified in the current paper.

The proposed solution is typically not adopted for
the huge LNG terminals that provide NG to the gas
pipelines, when all the required LNG mass flow rate is
regasified. Accordingly, the paper shows that practical
benefit in terms of plant efficiency and power delivery
increase can be achieved by adopting such a BoG
regasification  configuration.  Furthermore, the
proven feasibility of this ‘technological simple and
economical viable’ arrangement leads to apply the
proposed solution — in a smaller scale — for the ship-
ping traction, where savings in the fuel tank volume
occupancy and increase of efficiency play a double
role in the cost savings.

Description of the proposed solution

GT engines and related ST CCs are designed to oper-
ate at a particular temperature, pressure and relative
humidity (RH) in order to maximize power and effi-
ciency.”?! In the power generation scenario, in the
range of few MW to several hundreds of MW, ambi-
ent conditions change continuously thus influencing
CCGT performance. This is because compressors
and expanders are dynamic machines designed to
deal with a well-defined volumetric flow. Thus, for a
given volumetric flow rate, power and -efficiency
depend on the mass flow rate that is operated by the
GT. Indeed, higher inlet temperature will result in
lower GT power and efficiency, due to density reduc-
tion at the compressor stage. Such a density reduction
corresponds to an overall inlet mass flow reduction
which forces the GT to operate at off-design condi-
tions thus reducing net power and efficiency. For these
reasons, some study has been carried out®® to under-
stand the benefits of conditioning the compressor inlet
temperature. Typically, in power plants, the inlet air is
conditioned with vapour compression or absorption
chillers. The power consumption of these sub-systems

is not negligible and has to be taken into consider-
ation in the performance evaluation of the GT and
CCGT; hence, the proposed solution which adopts
BoG/LNG cold energy would allow drastically redu-
cing the plant complexity (i.e. costs) and power con-
sumption from these sub-systems. Taking into
consideration the BoG/LNG thermodynamic proper-
ties and the available models for evaluating the BoG
rate,’>> the proposed alternative solution in this
paper is that of using the BoG/LNG cold energy,
from —165°C to ambient temperature of 10-15°C,
thus reducing the GT inlet temperature. This solution
could lead to increased performance without the add-
ition of too many extra components and without the
need of electricity or heat power to drive vapour com-
pression or absorption chillers, respectively.
Typically, the conventional air conditioning systems
require higher capex due to the additional equipment
(e.g. condenser, cooling tower, pumps, valves, etc.),
while the proposed solution would substantially
reduce the capex to few heat exchangers; Figure 1
shows the schematic of the proposed solution.

Development of the power plant
simulator

A CCGT power plant consists of many components (e.g.
compressor, combustion chamber, expander, exhaust
duct, post firing system, etc.). In order to carry out the
analysis, a CCGT simulator has been developed to pre-
dict the part load performance and therefore the optimal
working conditions for the power plant.**

Modelling approach and solution strategy

The modelling approach for the GT simulator is
based on a finite volume (FV) discretization method
for each plant component. Each FV is defined by
boundary surfaces, J and J+ /. Each component
model is a numerical representation of the spatial
and time distribution of relevant quantities. In order
to lump the relevant quantities (i.e. temperatures,
pressures, wok, losses, etc.), on the boundary J and
J+ 1 of each FV, preliminary two-dimensional, com-
putational fluid dynamic calculations have been per-
formed to generate a database (DB). Thus, the
lumped features are reduced to the FJ central node
Jn. As an example, a shell & tube heat transfer device
(HTD) tube bundle can be divided into FVs, each of
them comprising a tube row. The heat transfer rate is
related to the lumped flow and geometrical features of
the tube row by adopting the classical heat transfer
model; similar approach is adopted for the other plant
components.9’34’35

For each volume in the components, the following
correlations are determined:

e Governing equations (mass, momentum, energy,
entropyb);
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Figure 1. LNG fed gas turbine equipped with compressor air conditioning system.

e Constitutive equations of the system (e.g. fluid
properties);

e Auxiliary equations (e.g. eps-NTU heat transfer
approach).

The auxiliary equations allow defining the source
term of the governing equations establishing the
most adequate correlation for the assessment of
the pressure loss, heat transfer coefficients and so
on. The components and connecting modules are
assembled to represent a CCGT power plant. As a
result, the physical plant simulator is represented by
equation (1)

F(g,z,d,rf,af) = 0 (1)

In order to set the geometrical and thermodynamic
limitation for the variables, ensuring the feasibility of
the solution, a set of inequalities is established, as in
equation (2)

D(g’ z, d7 l'f, af) > O (2)

in which the vector g includes geometric and global
quantities, z includes process and state quantities
(pressures, temperatures, mass flows, fluid compos-
itions, flow angles, rotational velocities, stresses and
so on), d is the vector for boundary conditions (site
pressure, temperature and RH), rf is the vector of
reality functions (RFs) and af is the vector of actuality
functions (AFs). An objective function (ObF) is estab-
lished to solve for the unknown quantities, as in equa-
tion (3).3*

Minimize {ObF|F(g,z,d, rf, af)

_ 3)
=0; D(g,zd,rf, af) >0}

where z is the vector of unknown quantities.

RFs are introduced to allow the model to repro-
duce the behaviour of an existing machine in a refer-
ence situation (usually new and clean conditions). 4Fs

initial guess

| Variable attribution to modules (z)

N I
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l | | |
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7

Figure 2. Modular structure calculation method — ECRQP.

are introduced to update the component maps and
calculate the actual performance of the component.
Indeed during operations, the component behaviour
changes continuously due to deterioration related to
fouling, erosion, wear and tear. The solution tech-
nique is based on a modular approach of elementary
component models that calculates processes, fluid
properties and machinery features. Figure 2 gives an
outline of the modular modelling and the algorithm
structure for optimized solution.

Accordingly, a section is dedicated to the distribu-
tion to the various component models (modules) of
the g, z, d, rf, af. Each module performs the dedicated
calculations providing a partial ObF,,, and partial
Aj.yp- A section provides for defining the overall OBjF
to be minimized. The optimization solution is based on
the Equalities Constraints Recursive Quadratic
Programming technique and it leads to solve the math-
ematical formulation of the problem. Optimal solution
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is achieved by combining the Lagrange and the penalty
functions that allow for robust and fast computational
tool; details are given in Cerri.**

Methodological approach

Equations and inequalities that describe the compo-
nents and plant behaviour are addressed to solve
different calculations:

e Cycle calculation: preliminary calculation where
the cycle potential is investigated with only few
constraints relating to thermodynamic quantities
(typically pressure and temperature). The output
of this calculation (mass flow rates, power across
different component boundaries and the overall
performances) are all thermodynamic quantities
in each section of the CCGT power plant;

e Sizing: this calculation is for machines and equip-
ment sizing and alternative global parameters to
describe their off-design behaviour. Input data
are from the cycle calculations or may come from
DB related to the commercially available machines
and equipment close to the cycle requirements.

o Off-design analysis: this analysis requires the know-
ledge of geometrical data, architecture and some
global parameters related to the plant components.
The performance maps of the machine and equip-
ment are calculated. Changes in the independent
quantities may be investigated according to the
control strategy.

e Matching: this is the assembling step of the models
constituting the simulator, in which component
maps are matched together to achieve the whole
plant performance; the plant performance can be
evaluated for full load and part load operating
conditions.

SOLID LIQuID
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Figure 3. Pressure versus temperature phase chart of a
general substance.>®?’

These calculation steps are performed by means of
various optimization techniques based on the quasi
Newton algorithms and on genetic algorithms.
Details are given in Cerri and Stefano’ and Cerri.**

Phase change in LNG HTD

Working fluid reality. The working fluid (humid air)
needs a dedicated physical model, which includes the
phase change, sublimation and mass separation into
consideration. In the present paper, humid air has
been modelled as a mixture of O,, N>, CO,, Ar and
H>0; each characterised by its own thermodynamic
properties. The working fluid will reach its dew
point (DP) during the heat transfer process between
the cold regasified NG stream and the ambient air
stream, because of its temperature reduction. DP
occurs also when the working fluid pressure, ppr,
becomes higher than the saturation point at DP pres-
sure, ppp, and temperature, 7pp. Under these condi-
tions, the water vapour becomes liquid and separates
from the gas, as shown in Figure 3.

LNG-AIR transfer device. The cooling of the inlet air to
the compressor is achieved through the LNG regasi-
fication. The heat transfer processes have been mod-
elled by taking into account the fluid phase change
and separation phenomena (multi-zone modelling
approach). Figure 4 shows the LNG-AIR HTD com-
ponent model together with the temperature profiles
and the thermodynamic quantities. The possibility of
achieving the saturation condition (DP in the tem-
perature profiles diagram of Figure 4) for the hot
stream has also been taken into consideration in the
model. When this condition occurs, some water con-
densate (WC) mass flow rate is extracted at the exit of
the HTD and the overall heat power transferred from
the hot stream to the cold stream is divided in two
contributions: the first is only related with the sensible
heat (Q;.p), the second takes into account the conden-
sing phenomena (Qp.>). The LNG-AIR HTD has
been modelled by adopting the e-NTU approach®*®
for both sizing and off-design analysis. By solving the
sizing calculation, the inlet and outlet temperatures of
both the hot and cold stream are established, thus the
effectiveness is calculated. A tube bundles heat
exchanger has been chosen, and an existing DB with
heat transfer and pressure loss coefficients has been
used to determine the NTU and S values.’
Concerning off-design calculations (required also for
RFs, AFs identification), the heat transfer coefficients
(U) on both sides are evaluated on the bases of refer-
ence values as Rohsenow et al.,*® taking mass flow
rate (m), specific heat (c,), viscosity (1) and thermal
conductivity (4) into consideration (equation (4))

a b ¢ d
- G (e
Mg MR AR CpR
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a, b, ¢, d being chosen according to the HTD archi-
tecture and heat exchanging media. Pressure losses are
evaluated on the basis of the reference value as a func-
tion of the actual corrected mass flow . Details of the
LNG-AIR HTD are given in Appendix | — LNG/
AIR HTD model.

GT simulator and component model

The generic GT simulator is a tool that incorporates
design mode (sizing), surge criteria and loss models.
The sizing process has been performed by adopting
lumped performance of cascades, HTDs and other
components, as described hereafter. The GT simula-
tor has been developed including the main compo-
nents such as compressor, combustion chamber and
expander (including the cooling system).***! Such
technologies have been embedded into the component
model DB. Accordingly, during the sizing of the GT,
the selection of the optimum configuration and geom-
etry has been carried out for the compressor and the
expander; the lumping procedure described in section
‘Modelling approach and solution strategy’ has been
adopted and parameters such as work, losses and
heat transfer coefficients have been established for
each FV, characterizing the GT blade rows; more
information about the simulator have been added in
Appendix 2.

Case studies

In this section, two different case studies are pre-
sented. The first case study analyses the LNG-AIR
HTD component model for demonstrating its cap-
ability to predict profile temperatures, WC separation

fraction and heat power versus the variability of
ambient temperature, RH and LNG/BoG mass frac-
tion. The second case study shows how the condition-
ing of the air intake to the GT by means of the LNG-—
AIR HTD brings to increase the power production,
the efficiency and therefore the revenues associated for
the savings of fuel and for the increase in electric work
production.

Model validation: LNG-AIR HTD

The LNG-AIR HTD model has been carried out to
assess its behaviour during off-design conditions. The
LNG-AIR HTD model description is given in
Appendix 1, where thermodynamic quantities, such
as temperature, pressure, mass flow rates and heat
power transferred from the hot to the cold stream
are presented. Table 1 shows the International
Organization for Standardization (ISO) ambient con-
ditions, reference temperatures, mass flows and pres-
sures as well as the HTD effectiveness and pressure
drop. Starting from the ISO conditions, air mass frac-
tion compositions have been evaluated to establish the
fluid properties and the DP conditions, which depend
on the amount of H,O content in the mixture. The air
mass fraction composition in the reference condition
is made of 0,=0.2312, N,°=0.7620, CO,=0.0005
and H,0 =0.0063. The influence of ambient tempera-
ture change on the HTD performance has been eval-
uated, for the range of 5-25°C, as shown in Figure 5.
The continuous black line represents the trend of the
temperature 77, if the air is characterized by the ISO
condition (humid air), while in case of 0% RH (dry
air), the 7 trend is given by the dashed line.

Below the DP (dashed red line), some fraction of
the H,O changes phase from vapour to liquid, and it

Qp-2 Q

T
T!I
L % \ Tlﬂlw
Ta . H Ic
I I A LNGIAIR ) I
Tee : ATa [XX]?H HTD ,-»“r a [}(X]n:
\{\\Tﬂ, e JIFL

Figure 4. Sketch of the LNG-AIR HTD component model and related temperature profiles.

HTD: heat transfer device; LNG: liquefied natural gas.
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Table |. Ambient conditions, reference data and
assumptions.

Ambient conditions — ISO

pl 101.3 (kPa)
Tl 15.0 (°Q)
RH 60.0 (%)
Reference data
TLNGI —165.0 (°Q)
TO 15.0 (°C)
LNG 15.1 (kg/s)
m0 683.7 (kgls)
pLNGi 150.0 (kPa)
po 101.3 (kPa)
Assumptions
& 90.0 (%)
ApOl 1.0 (%)
ApLNG 1.0 (%)

LNG: liquefied natural gas; RH: relative humidity.

brings to the different trends of 7. Indeed, the tem-
perature reduction in the ISO case is lower if com-
pared to the case with zero RH. In Figure 6, the
black dashed line represents the overall heat power
(around 5000kWt) that is exchanged between the
two streams, which equals the sum of sensible
(Osen) and latent heat (Qr47); on the contrary,
when temperatures are higher than the 7 p only sens-
ible heat exists (red line). Under a certain tempera-
ture, phase change always takes place and the
consequent heat transfer process is characterized by
the condensing phenomena. In between these tem-
peratures, the HTD deals with a section in which
the heat transfer phenomenon is purely sensible and
a part with both. In conclusion, the lower the ambient
temperature, the higher the condensed water, which
for 5°C is approximately 650 g/s.

The LNG-AIR HTD component model has been
used to calculate the change in thermodynamic par-
ameters when LNG/BoG fuel mass flow varies
between 0 and 20 kg/s. It is worth noting that such a
large variability in LNG mass flow rate usually does
not occur in the heavy duty GT-based power plant,
but this analysis helps to understand how tempera-
tures, condensed water and heat power vary.
Assuming Tp=15°C, RH=60%, po=101.3kPa and
the reference mass flow rate my=0683.7kg/s, the
results from the analysis are shown in Figures 7 and
8. It should be noted that the HTD effectiveness is set
at 0.9 for all the evaluation points, under the hypoth-
esis that all are design points. It can be seen in Figure 7
that the higher the LNG mass flow rate, the lower is
the hot stream outlet temperature, 77 Additionally, the
water separated from the air mixture increases when
the LNG mass flow increases. Figure 8 shows the trend
of heat power, showing a quasi linear behaviour

20 T T 800
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T 600 &3
g 5 500 §
g g
£ o 400
2 ki
c v
£ 5 - 300 g
(7 [}
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-10 £ 200 g
15 £ 100
20 £ ' ; : 0
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—T1-150 == =TSAT - 150 ===T1-0RHK —_\WC

Figure 5. Temperature profiles and condensed water versus
ambient temperature for 0%RH and ISO condition.
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Figure 6. Heat power contribution versus ambient tem-
perature for ISO condition.

with respect to the LNG stream; these evaluations
are useful for the analysis of the GT case, where
the fuel mass flows change under part load conditions.
Variability of RH has been also investigated, being the
water content in the air influenced by ambient tempera-
ture and RH.

The effects of RH change on parameters of concern
are reported in Figures 9 and 10. Evaluations have
been performed assuming the reference data of
Table 1. In Figure 9, the dashed red line represents
the wet bulb temperature corresponding to the dry
bulb temperature at 15°C for different RH rates.
The black line (7)) in Figure 9 shows that the achieve-
ment of DP reduces the system’s capability to cool
down the air mass flow from 7; to 7T;. Additionally,
the increase of RH will increase the condensed water,
once the DP is achieved. Nevertheless, the LNG
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outlet temperature remains practically unchanged
(dashed green line). By taking the heat transferred
into account, Figure 10 shows that the overall
amount of heat power is related with the sensible
heat power, red line, when the RH is lower than
that of the DP. Meanwhile when the RH is between
60 and 100%, the heat transfer process is characterized
by latent and sensible heat. During the setup of the
model, psychometric chart together with REFPROP
software** has been adopted for validating the output
of the calculations. DP temperatures as well as WC
mass have been checked. According to the HTD mod-
elling approach based on the e-NTU method, where
phase change phenomena take place, the authors
have validated the HTD in previous work.’

20 ¢
15 4
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0+

45+ / 100
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5
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Figure 7. Temperature profiles and condensed water versus
LNG mass flow rate at ISO condition.
LNG: liquefied natural gas; WC: condensed water.
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Figure 8. Heat power contribution versus LNG mass flow
rate at ISO condition.
LNG: liquefied natural gas.

Case study: 300 MW F class GT LNG fed
power plant

The LNG-AIR HTD has been considered for a
300MW F class GT in which the cold from the
BoG and LNG regasification is considered. The gen-
eric 300 MW F class GT simulator has been validated
with data published by the GT OEM.** More details
on the validation of the simulator are given in Cerri
et al.;>'?> the main validation results are shown in
Figure 11 (blue triangles for power, red squares for
efficiency). In Figure 11, one can see the ratio between
the machine actual power and actual efficiency and
the nominal values, varying the compressor inlet tem-
perature. It can be remarked that the calculated values
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Figure 9. Temperature profiles and condensed water
versus RH.
WC: condensed water.
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Figure 10. Temperature profiles and condensed water
versus RH.
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(blue triangles for power and red squares for effi-
ciency) fit very well with the data obtained from the
GT manufacturer — the continuous green and grey
lines representing non-dimensional power and effi-
ciency, respectively.

The simulator with re-gasified LNG was built
based on the validated simulator and it has been
matched to the LNG-AIR HTD. Figures 12 and 13
show the comparisons between the baseline GT
(CASE#0 — blue lines — no air inlet cooling) and the
cooled inlet air from the re-gasified LNG (CASE#1 —
red line — with air inlet cooling). Electric power, fuel
mass flow and compressor inlet temperatures are pre-
sented in Figure 12; in Figure 13, variable inlet guide
vanes (VIGV) and efficiency are given for different
ambient temperatures. From Figure 12, it can be
seen that the compressor inlet temperature for
CASE#0 and CASE#!1 reduces when conditioned
through the LNG-AIR HTD; lower compressor
inlet temperature results in higher operational mass
flow rate for the GT. As a consequence, the generated
power (continuous lines) increases (red line) and the
fuel consumption increases as well (dotted line).
However, one can notice that the increase of gener-
ated power is higher than the increase of fuel con-
sumption; hence, the GT efficiency increases if
compared with the baseline. Figure 13 shows that dif-
ferent PID strategies were used for VIGV control in
the CASE#0 and CASE#I, in order to achieve
the system level outputs. Due to the reduction of
inlet temperature, the VIGV have to deal with —
for a given mass flow rate — with a lower volumetric
flow. Consequently, for the same ambient tempera-
ture, the CASE #1 shows how the VIGV opening is
lower.

A preliminary economic analysis has been con-
ducted for the GT — LNG-AIR HTD configuration.
However, a typical cost benefit analysis is not per-
formed because the capex and opex of the additional
HTD are not embedded in the simulator. This prelim-
inary economic evaluation has been carried out using
a typical Mediterranean Costal Area hourly tempera-
ture diagram over a year. Based on Figures 12 and 13,
the generated electric work and the fuel consumption
are integrated over the year to obtain the annual elec-
tric work and the fuel mass consumption. In order to
establish the income related to electricity production,
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Figure 12. Power output, fuel consumption and compressor
inlet temperature versus ambient temperature CASE#0 and
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a selling price of 5c€/kWh has been assumed. Price of
LNG has been assumed to be 20 c€/Nm®. Equation
(5) represents the income related to the higher power
generated in the CASE#1 minus that of the reference
case. Equation (6) represents the cost increase for the
higher fuel mass consumption and finally equation (7)
represents the difference between the two terms, which
is the GAIN.

8760

8760
Awork = / PLa(t)- €.ut)-di— / PO(1)- €ut)-di
0 0

(5)
8760
Afuel = / mlﬁtel(t) : €fu€l(l) -dt
0
8760 (6)
—/ mO0fiei(t) - € fer(t) - dt
0
GAIN = AWORK — Afuel (7)

Figure 14 summarises the preliminary economic
analysis for the power plant fed with re-gasified
LNG. The red line represents the ambient tempera-
ture distribution along the year (8760 h). The continu-
ous black line represents the income related to the
increase of electric work. Meanwhile, the dotted
black line is the cost for the increased fuel mass.
The net GAIN as defined in equation (7) is shown
by the continuous blue line. Assuming the tempera-
ture distribution given in Figure 14, the integral over a
year could yield a gain of 650,000€ compared to the
baseline. Such a yearly gain it purely theoretical,
indeed it has to be remarked that in the real CCGT
power plant, according to the various maintenance
issues and to possible power shut down, the CCGT
utilization factor is approximately about 90-95%. The
yearly gain thus assumes a values of 600,000€.

Figure 14. Yearly ambient temperature distribution and

related electric work, fuel consumption and gain, expressed
in M€.
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Figure 15. Fuel mass flow, BoG availability and extra LNG.
BoG: boil-off gas; FMF: fuel mass flow rate; GT: gas turbine;
LNG: liquefied natural gas.

Another consideration is related to the daily amount
of BoG and the fuel mass flow rate required to feed the
GT. According to the available data,** the assumption
of 5kg/s BoG coupled with the hypothesis that such a
BoG is constant over the time in Figure 15 the GT fuel
consumption, the BoG flow rate and the additional
LNG mass flow rate required to match the GT fuel
consumption are presented versus the ambient tem-
perature. It means that for a 300 MW GT, the terminal
BoG daily rate is not sufficient for ensuring the GT
operation. Surely, if the power plant size is of
100 MW, such a BoG rate will totally match the GT
requirement.
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Conclusions

This paper demonstrates one possibility for recover-
ing part of the energy used for LNG liquefaction
during the regasification phase. The proposed meth-
odology contributes directly to the effort to increase
LNG. Naturally, a 0.15% BoG spontaneously re-gasi-
fies from the LNG tanks in the terminal or in the
LNG carrier, which essentially provides availability
of cold energy. The paper has explored the solution
of conditioning the GT inlet temperature, by utilizing
the cold energy coming from the BoG. In order to
recover such a cold energy, a dedicated HTD compo-
nent model (LNG-AIR HTD) including phase
change phenomena and water separation has been
developed. Thermodynamic analyses on the LNG-
AIR HTD have been carried out, showing the influ-
ence of operating parameters such as ambient tem-
perature and RH on the heat transfer process. Then,
the possibility of directly feeding a CCGT with such
BoG fraction has been explored. A 300 MW F class
GT simulator, which has been validated with avail-
able OEM data, was used for this study. For a given
ambient temperature variability over a year, the simu-
lator has been used to evaluate the increase in electri-
city production and in efficiency that showed a
revenue of 600,000€/year, due to the BoG cold
energy recovery. It has to be noted that the revenue
increase does not take into account the capex and
opex of the dedicated HTD and the control system
for LNG fuel feeding — detailed cost-benefit analyses
are not shown in this paper. Nevertheless, the focus
here is to highlight that cold energy with LNG—AIR
HTD could be used in a 300 MW F class GT resulting
in higher revenue. Furthermore, for CCGT power
plant, the bottoming cycle will be positively influenced
by the increase of mass flow rate due to conditioning
of the intake duct air. Looking forward, this could be
an interesting solution for LNG carriers, where the
typical power demand is approximately 3040 MW,
where the daily BoG rate matches the GT fuel require-
ments.** In these applications, no additional fuel
would be required, increasing performance, the stor-
age capacity of the LNG carrier and substantially
making ‘free’ the transportation of the cargo. The
next step for this piece of work will be performance
evaluation of the CCGT power plant cycle fed by
LNG coupled with an accurate cost benefit analysis
—in order to demonstrate the pay-back period and the
increase in the net present value.
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Notes

a. Natural gas is stored in liquefied form at around —160°C.

b. The conservation of entropy for a steady-state open ther-
modynamic system bounded by a fixed border states: the
entropy of the system does not change with the time so that
the sum of the entropy convected into the system by the
incoming flow, the entropy increase due to external heat
fluxes and the entropy produced by internal irreversibility
is equal to the entropy extracted by the flow leaving the
system. For a non-steady-state thermodynamic process,
the conservation law leads to a time differential equation
that takes the rate of entropy accumulation inside the
system equal to the above entropy fluxes (inlet flows,
outlet flows, heat fluxes and internal entropy production).

c. Nitrogen refers to the atmospheric nitrogen whose mole-
cular weight is higher than the pure N, because of the
other inert gas content (e.g. Argon).
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Appendix

Notation

af array of actuality functions

BoG boil-off gas

cC combined cycle, combustion chamber

CCGT combined cycle gas turbine

CFD computational fluid dynamic

CHP combined heat and power

Cp specific heat capacity

D, d array of inequality constrains, array of

data and boundaries

DB data base

DOF degree of freedom

DP dew point

ECRQP equalities constraints recursive quadra-

tic programming

ETA efficiency

€ cost/price

F array of equality constrains

FVv finite volume

g array of geometrical and global

quantities

ge equality constraint

gi inequality constraint

GA genetic algorithm

GT gas turbine

HTD heat transfer device

J mathematical index

LHV low heating value

LNG liquefied natural gas

m mass flow rate

NG natural gas

NTU number of heat transfer unit

ObF objective function

ORC organic Rankine cycle

P power

p pressure

PES primary energy source

PID proportional integral derivative

0 heat power

rf array of reality functions

RH relative humidity

ST steam turbine

T temperature

U heat transfer coefficient

VIGV variable inlet guide vanes

[xx] gas composition

w work

wc condensed water

z array of unknowns, knowns and

degrees of freedom

Greek symbols

& effectiveness

8 deviation

A thermal conductivity
I dynamic viscosity

A difference, unbalance
Subscripts

0, 1, 2,.., N station number

C cold stream

DP dew point

EL electric

FMF fuel mass flow rate
H hot stream

i inlet

LAT latent

o) outlet

R reference quantity
SAT saturation

SEN sensible

70T overall, total

WF working fluid

Appendix |. LNG HTD model

The outlet temperature on the hot stream is related to
the inlet temperature of the cold fluid and on the
minimum temperature difference A7, (also the effec-
tiveness could be adopted, the approach does not

change)
Topye =T+ ATy (1)
or
Tivy—T
o= T TIC )
Ty — T

Following the hot stream, the pressure losses Apy;

are taken in the model into account

A
Dorte = pun- (1 - ﬂ) 3)

100
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By means of the constitutive equations, the fluid Op-—2 =my - ¢pp2(Tpew — Ton) (18)
properties can be established in the section 1H
On=01-p+0p- (19)
o =T, pras (XX 1) 4)
Mo = Mg — Meond (20)
hmu = f(Tvu, pros [XxX)5) (5)

At this point, a check is performed on the possibi-
lity that the dew point is achieved. Thus, the dew
point thermodynamic quantities (saturation tempera-
ture, enthalpy and partial pressure) are evaluated by
the dedicated subroutine.

(T.pvs )| poy= S (P11 [xX]1 1) (6)

If the dew point temperature is higher than the
outlet temperature, condensing phenomena take
place (kSEP=1). If not (kSEP =0), the outlet mass
flow rate and composition are the same of that of the
inlet, and the outlet conditions can be established by
means of the constitutive equations.

IF Tp>Toy — kSEP = 1 (7)

In the case that kSEP =1, the properties of the bi-
phase mixture are established for the pressure p;z; and
the temperature 7'p,,, (point D) and for the conditions
of the point 2H, characterized the pressure p,>z; and
the temperature 7>y.

hig = f(prs T [XX)1 ) )
hpew = f (P, [Xx]1 1) (10)
Tpew =/ (p1:[Xx]1 1) )
Poew = f (v, [XX]111) (12)

Specific heat of the hot side inlet temperature is
calculated by means of equation (20), while subrou-
tine GSTHPRM also calculates outlet stream compo-
sition (equation (21)) that allows to define the
thermodynamic properties of the outlet stream.

¢ppew = (P11 Tpew, [XX]1 1) (13)
exby = f(pau- Ton) (14)
¢por = f(pans Tom, [XXhop) (15)
¢pp2 = (Cppew + ¢p2) - 0.5 (16)

Heat exchanged can be calculated by means of
equations (24) and (25)

O1—p =miy - (hig — hpew) (17)

Being m,.,,; the condensed water mass flow estab-
lished as function of

Meond :f(pZa TZ) (21)

In the case that kSEP =0, mono-phase fluid prop-
erties are established as follows

hon = f(pan> Tom, [XX)1 1) (22)
Ny = miy (23)
exhig = [xxhon 24
On =miy - (hig — hon) (25)

Hot side outlet stream temperature and pressure
are calculated by means of

Topge =Tic+ ATy (26)

ApH
= N il 2
P2He = P1H < 100) 27

Thermodynamic properties of the cold side stream
are obtained by means of the following equations

Qc =mic - (e —hic) (28)
hace = hic + ’g—ICC (29)
he =f(pic, Tic, [xx],¢) (30)
hac = f(pacs Tac, [xx]1 ) (1)
P2ce =Pic - <1 - %) (32)

Equality constraints

ger(1) = pace — p2c (33)
gel(2) = pone — pou (34)
ger(3) = hace — hac (35)
gei(4) = Tope — Tom (36)

Inequality constraints

gif(1) =Ty — Toy (37)
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gif(2) = Tre — Tic (38)
gi3) =Ty — Tac (39)
gif4) = Toy — Tic (40)

The decision variables of the intercooler compo-
nent model are summarized:

Decision variables

x/(1) = pac (41)
x/(2) = p2n 42)
x/(3) = Tac (43)
x[(4) = Ton (44)
Input

myy (kg/s) hot inlet mass flow

T1x (K) hot stream inlet temperature

pim (kPa) hot stream inlet pressure

T>y (K) hot stream outlet temperature

Pou (kPa) hot stream outlet pressure

T>c (K) cold stream outlet temperature

Pac (kPa) cold stream outlet pressure

. [xx]1m [-]» hot stream inlet mass fraction com-
position (O,, N, CO,, H,O)

mic (kg/s) cold inlet mass flow

10. ¢ (K) cold stream inlet temperature

11. pic (kPa) cold stream inlet pressure

12. Apy (%) AIR side pressure losses

13. Apc (%) LNG side pressure losses

14. AT, (K) approach temperatures or effectiveness
15. Eps [-] effectiveness or approach temperature

16. [xx ]3¢ [-], cold stream inlet mass fraction com-
position (O,, N,, CO,, H,0)

NI R L=

e

Output

1. myy (kg/s) hot stream outlet mass flow

2. Mcona (kg/s) hot stream mass flow condensed and
separated

3. Tp., (K) absolute saturation temperature of the

hot stream

Q1.p (kJ/kg) sensible heat

Op.» (kJ/kg) sensible heat and latent heat

Oy (kJ/kg) heat power removed from the system

[xx ][> [-],, hot stream outlet mass fraction com-

position (O,, N,, CO,, H,O)

Nk

8. geyrp [-] equality constraint array

9. giyrp [-] inequality constraint array

10. deyy7p [-] LNG-AIR unbalance

11. ffurp [-] LNG-AIR objective function (e.g. cost)

Appendix 2. Gas turbine
component models

Compressor

Compressor thermodynamic and fluid-dynamic quan-
tities are evaluated at the exit of each blade row and
they are combined for stack cumulative contribu-
tion.* Work transfer is evaluated by considering the
losses in a global manner. Such losses are correlated
with the inlet incidence flow angle and exit deviation
(8). Profile losses on the blade surfaces, skin friction
losses on the annulus walls and secondary losses are
taken into account using various empirical correla-
tions available in the literature.*

Expander

The gas coming from the combustion chamber (CC)
has been treated as a zero dimensional model in which
performances are lumped. The model takes the com-
bustion products, pressure losses and the pollutants
into account and the different coolant flows bleed
from the compressor entering the expander in differ-
ent stations. The turbine cooling has been modelled in
the expander by taking into account additional losses
related with various aspects (momentum conserva-
tion, heat transfer process and mixing).

Gas turbine cooling

Gas turbine cooling systems can be seen as a complex
arrangement of series and parallel heat transfer
devices. In the development of the Cooling
Component, various heat transfer phenomena have
to be taken into consideration to properly design the
cooling system.*>*%4¢>! The simulator takes an
expander cooling lumped model into account, which
implies transfer of heat from the main flow (hot gas)
to the coolant flows. In such a lumped model, the
coolant flows take into account the airfoil blade cool-
ing, the cooling of the other hot components (disk
cavities, shrouds, endwalls and platforms) and the
action of the coolant as sealant flows (re-entering
into the main stream); also the various temperatures
of the heat transfer processes are calculated.



