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ABSTRACT

This two-part paper proposes an approach based on state-of-the-art numerical optimization methods for simultaneously determining the most profitable
design solution and part-load operation of Combined Heat and Power Organic Rankine Cycles. Compared to the usual design practice, the important
advantage of such an approach is to consider the part-load performance of the Organic Rankine Cycle at the design stage. In this second part (Part B), first
the part-load model and optimization algorithm are presented and tested. Then, the part-load optimization algorithm is combined with the design
optimization algorithm proposed in Part A, and the simultaneous approach is applied to a real-world test case. Computational results show that, with
respect to a design optimized for full-load equivalent hours, the solution opti-mized for part-load operation has a lower investment cost, better part-load
efficiencies, and thus up to 22% higher annual profit. The optimized part-load control strategy uses the sliding-pressure mode in the high-load range, and

a combination of sliding-pressure and throttling in the low-load range.

1. Introduction

In Part A [1] of this two-part paper, we have proposed a model
and an effective algorithm for optimizing the design of biomass-
fired CHP (Combined Heat and Power) ORCs (Organic Rankine Cy-
cles). Given the full-load value of the thermal power required by
the heat user (e.g., district heating network) and the objective
function which needs to be maximized (e.g., net electric efficiency
or annual profit of the plant), the algorithm determines the optimal
design of the ORC plant including boiler, cycle and turbine
variables. As far the turbine is concerned, the algorithm determines
the optimal number of turbine stages, rotational speed and load of
each stage. The design optimization problem is tackled with a
black-box approach: PGS-COM [2], a derivative-free optimization
algorithm, explores the solution space of independent design
variables (pressures of evaporation and condensation, pinch point
temperature differences of heat exchangers, superheating degree,
turbine rotational speed, maximum pressure ratios of stages) and, for
each sampled solution, a Matlab routine (the black-box) works out
the preliminary design, costs and performance assessment of the
biomass-fired boiler, cycle and turbine. In this way, the algorithm
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performs the simultaneous optimization of the main variables of
the cycle, heat exchangers, and turbine. The objective function to
be maximized is the annual profit (taking into account of
investment and operating costs). The algorithm is applied to
optimize the design of a biomass-fired CHP ORC plant providing 5.3
MW of thermal power to a district heating network. The
optimization is repeated considering three electricity selling price
(80, 110 and 140€/MWh) and two different working fluids, toluene
and MDM (CgH240,Si3 octamethyltrisiloxane).

In this second part (Part B), we first present and test a novel
part-load operation optimization model for CHP ORCs, and then we
combine it with the design optimization model presented in Part A
to accurately evaluate the impact of the part-load behavior on the
design of the plant. The resulting two-stage algorithm allows to
assess the optimal plant design and size taking into account of the
expected heat demand duration curve and part-load performance
of the cycle.

The part-load model allows to determine the optimal control
strategy of the ORC (e.g., sliding pressure, constant pressure with
throttle valve, or any combination of both) and operative variables
which maximize the economic profit at each load. Following the
“equation oriented” approach (the model of the plant is expressed
in the form of a system of algebraic equations which are tackled all
at once [3]), the part-load operation problem is formulated as an
optimization problem, namely, a (NLP) (Non Linear Program), and
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solved with a specific algorithm, i.e., Sequential Quadratic
Programming.

1.1. Possible part-load operation strategies

Biomass-fired ORC plants typically employ an axial-stage tur-
bine with fixed geometry and without partial admission valves
(which would allow to reduce the turbine admission area so as to
compensate the lower fluid flow rate). The off-design characteristic
curve of such a turbine can be approximated by assuming that the
non-dimensional flow rate ¢ remains fairly constant,
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In Eq. (1) my r denotes the turbine inlet mass flow rate, Tyytand
pin are respectively the total temperature and pressure at turbine
inlet, v denotes the ratio between constant pressure and constant
volume specific heat capacity of the fluid, R is the ideal gas
constant, At is a reference turbine area (e.g., cross-sectional area),
while zjyt is the compressibility factor (which has been added to
take into account of the real gas effect of the fluid [4]). Eq. (1) im-
plies that, when the cycle load (i.e., output power) must be
decreased, a decrease of the working fluid flow rate myt must be
compensated by a decrease of the turbine inlet pressure. Indeed,
the turbine inlet temperature (equal to the superheating temper-
ature of the cycle) is usually kept close to the maximum allowed
value (so as to preserve the cycle efficiency) and the turbine area is
constant (no partial admission). Thus, Eq. (1) states that the fluid
mass flow rate is essentially proportional to the turbine inlet
pressure, and then at part-load such a pressure must be decreased.
For this reason, the three possible part-load control-strategies
correspond to three ways of reducing the turbine inlet pressure:

1) sliding-pressure: the evaporation pressure is decreased by
properly adjusting the feed-pump pressure head;

2) throttling: the evaporation pressure is kept constant (at the full-
load/design value) and a valve, placed at the turbine admission,
is partially closed to cause a proper pressure reduction;

3) hybrid: a proper combination of the two basic modes (i.e.,
sliding-pressure and throttling) is used.

1.2. Previous works on part-load models and optimization

As for the part-load model and optimization approach, it is worth
noting that, although different part-load models have been
proposed, to the best of our knowledge, none of them adopts the
“equation oriented” approach. All of them use sequential simula-
tion codes, either commercial (e.g., Aspen Plus) or specifically
developed by the authors, which compute the cycle variables and
part-load performance for fixed independent control variables.
Part-load models for ORCs have been proposed by different
authors. Sun and Li [5] propose a rather detailed part-load model of
a heat recovery ORC plant. To solve it, the authors develop a plant
simulation code whose input (independent) control variables are
the working fluid mass flow rate, the condenser fan air mass flow
rate, and the turbine inlet pressure. The optimization of the part-
load performance is then carried out by means of the derivative-
free Rosenbrock's algorithm [6]. Munoz et al. [7] study the part-
load performance of gas turbine - ORC combined cycles looking for
the optimal control strategy. However, neither the part-load model
nor the optimization approach is detailed. Ghasemi et al.[8] have
developed a model for the optimal operation of an existing binary
geothermal power plant. The model is implemented in

Aspen Plus and has as independent control variables the super-
heating degree and the evaporation pressure. The flowsheet is
solved for fixed independent control variables with the sequential
approach [3]. After validation on the basis of a considerable set of
experimental data, the model is used to optimize the plant opera-
tion strategy for different ambient temperatures. To optimize the
two control variables, the authors use both a brute force dis-
cretization approach and (for solution refinement) the Sequential
Quadratic Programming algorithm available in Aspen Plus.

Calise et al. [9] have implemented two sequential simulation
codes in the Engineering Equation Solver environment [10], a first
one for optimizing the design, and a second one for simulating the
off-design performance of ORCs powered by medium temperature
heat sources. While it is stated that the design is numerically
optimized with the Golden Section Search algorithm, nothing is
specified about the optimization of the off-design control strategy.

Manente et al. [11] optimize the off-design operation of a
geothermal binary ORC for different brine temperatures and
ambient temperatures. They develop a Simulink [12] model
including thermal and mass capacities so as to reproduce the
transient behavior of the cycle. The independent control variables
(pump rotational speed, opening degree of the turbine nozzles and
mass flow rate of condenser air) are optimized by means of the SQP
(Sequential Quadratic Programming) algorithm available in the
Matlab Optimization Toolbox [13] which uses the Simulink model
as a black-box.

Wang et al. [14] develop a Matlab off-design model of a solar-
powered ORC to determine system behavior under changes of
ambient temperature, thermal oil flow rate, and solar radiation.
The operation strategy is not numerically optimized.

Hu et al. [15] analyze an ORC for geothermal heat sources. First
the authors design the main cycle components, the radial turbine
and the heat exchangers. Then, the performance curves of the
components are predicted on the basis of their geometrical features
and are integrated within an off-design model of the cycle. The
sliding-pressure control strategy is imposed and a sequential so-
lution algorithm is coded to solve the off-design model. The algo-
rithm is applied to determine the cycle and turbine performance
for different brine temperatures, brine flow rates and condensing
temperatures. The control strategy is not numerically optimized.

Ibarra et al. [16] propose a part-load operation model for a small
subcritical ORC featuring a scroll expander. The model is developed
in Matlab and considers only the main components of cycle: scroll
expander, recuperator and pump. The model receives as inputs the
sizes of the components of the cycle from a design model. The part
load model simulates the part-load operation varying four pa-
rameters: maximum temperature of the cycle, evaporation pres-
sure, expander speed and condensation temperature. The best
operation strategy is assessed with a sensitivity analysis.

As far as the combined analysis of design and part-load opera-
tion of ORCs is concerned, the works of Lecompte et al. [17] and
Toffolo et al. [18] are certainly worth citing. Instead of performing
the off-design analysis of just the cycle option with optimized
design features (e.g., maximum efficiency at design conditions as in
Refs. [19,20]), they select a set of promising design options and
then optimize and analyze their off-design performance to pick up
the best design.

Lecompte et al. [17] propose a strategy for optimizing the design
of ORCs which takes into account of the part-load performance of
the cycle over the expected year of operation. Their study is
focused on a ORC recovering waste heat from an internal
combustion en-gine with time-dependent load. They want to
determine the best cycle design for the expected yearly scheduling
of the engine and ambient temperature (affecting condenser
performance). Hence, they define a grid of nominal design
conditions (ambient



temperature and thermal power provided by the engine), and for
each point they determine (1) the design variables which minimize
the specific (nominal) investment cost with the Nelder—Mead
method [21], (2) the part-load map of the optimized cycle
expressing the net power output as a function of the ambient
temperature and engine load, (3) the behavior of the optimized
cycle over the year and the actual annual specific cost. Once the
actual annual specific cost of each grid point is computed, a poly-
nomial model is regressed and used to determine the optimal
design condition (ambient temperature and thermal power pro-
vided by the engine) and associated design variables. It is
important to note that the authors optimize the part-load
performance of the ORC by means of a Matlab simulation code and
the golden section search algorithm [22] which determines the
optimal independent control variables (mass flow rate of cooling
air to the condenser, and mass flow rate of the heating fluid).

Toffolo et al. [18] optimize the design of ORCs for binary
geothermal power plants. The cycle configuration (heat exchanger
network) and variables (working fluid mass flow rate, evaporation
pressure, condensation pressure and superheating degree) are
optimized for the maximum electric efficiency with the HEATSEP
method [23] for two working fluids (isobutene and R134a). The
Sequential Quadratic Programming algorithm of the Matlab Opti-
mization Toolbox [13] optimizes the intensive cycle variables while
the working fluid flow rate is adjusted within the problem table
algorithm which handles the heat integration between hot and
cold streams. Then the capital cost is evaluated not only for the
maximum efficiency design but also for a set of neighboring sub-
optimal solutions. For each selected solution, the electricity
generated over the operating year is assessed with yearly simula-
tions of the plant operation with the off-design model presented in
Ref. [11] so as to take into account of ambient temperature varia-
tions. The best solution in terms of minimum levelized cost of
electricity, which does not coincide with the maximum efficiency
design, is picked up from the set of neighboring solutions.

1.3. Contribution of this work
This work addresses the following three open challenges:

- develop an equation-oriented part-load model of biomass-fired
ORCs suitable for the optimization of the control strategy and
show its convergence features;

- determine the best control strategy for biomass-fired ORCs over
a wide range of loads;

- tackle the simultaneous optimization of design and part-load
operation so as to determine, early at the design stage, the
plant design with optimal features for the expected operation
schedule.

As for the last challenge, it is important to note that the works of
Lecompte et al. [17] and Toffolo et al. [18] do not address the
simultaneous optimization of cycle design and part-load operation.
Lecompte et al. [17] simplify the problem by optimizing the design
with respect to the specific investment cost rather than the annual
profit or net present value. Since the specific investment cost does
not depend on the part-load performance, this allows them to
optimize the design without solving for each sampled design so-
lution the part-load model. Indeed, in their work the part-load
operation is computed only for the minimum specific investment
cost designs. Similarly, Toffolo et al. [18] optimize the plant design
for the maximum design-condition efficiency, and then they
analyze and optimize the off-design performance only for a limited
set of design solutions in the neighborhood of the maximum effi-
ciency one. Thus, for the facts that (i) the design optimization step

considers an objective function depending only on design perfor-
mance indexes and not depending on the off-design performance,
(ii) the off-design analysis and optimization is carried out only for a
limited set of design solutions selected on the basis of heuristic
criteria, the approaches of Lecompte et al. [17] and Toffolo et al. [18]
are not rigorously addressing the simultaneous optimization of
cycle design and off-design operation. Thus, they may overlook the
optimal cycle design for part-load operation.

The ultimate goal of this work is to tackle the challenging
simultaneous design and part-load operation problem by (i) pro-
posing an efficient decomposition approach to solve the simulta-
neous design and part-load operation problem, (ii) identifying ad
hoc optimization algorithms, (iii) showing the advantages of such a
simultaneous optimization approach compared to the usual design
practice.

2. Part-load optimization

This section details the part-load optimization model of the
ORC. The plant scheme is reported in Fig. 1. It is made of a biomass-
fired boiler, a loop of hot oil transferring heat from the boiler to the
cycle, a heat exchanger in which the working fluid is economized,
evaporated and superheated, a turbine, a regenerator, and a
condenser which supplies thermal power to a heat user (e.g., a
building or a district heating network) through a water loop. It is
important to note that, with respect to the scheme considered in
the first part of this work (Part A [1]), a turbine bypass stream has
been added in order to increase the operational flexibility. Since the
turbine bypass connects the boiler outlet directly to the condenser
inlet, it allows to reduce the turbine power and increase the
condenser thermal power at fixed boiler load. At the design stage,
the bypass allows to design the plant for a nominal condenser
thermal power lower than the peak value requested by the heat
user (i.e., oversize the plant with respect to the heat demand).
Then, during operation, the bypass stream flow rate can be
adjusted so as to satisfy the heat demand (opening its valve when
the heat de-mand is greater than the nominal condenser thermal
power considered at the design stage).

2.1. Part-load model and optimization problem

Given the thermal power Q ysgr  requested by the heat user at a
certain operating period t of duration At, the part-load optimiza-
tion model allows to determine the optimal control strategy of the
ORC (e.g., sliding pressure, constant pressure with throttle valve, or
any combination of both) and the operative variables (pressure,
temperature, mass flow rate of each stream) which maximize the
economic profit.

The model is built on the following key assumptions:

- the main heat exchanger and the condenser are “once-
through” (i.e., in the main heat exchanger, the extensions of the
econo-mizer, evaporator and superheater sections can vary
depending on the operative conditions and fluid flow rate; in
the condenser, the desuperheating section and the
condensation sections can vary with the load);

- the water flow rate and the oil flow rates can be varied;

- the temperatures of the water loop can be varied but they must
be higher than the values required by the heat user;

- the hot oil temperature Ty, (see Fig. 1) is kept constant, equal to
the maximum value allowed by the oil, whole temperature Ty
can be varied.

The set of input data of the part-load model is made of the input

economic parameters related to plant operation (electricity and
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Fig. 1. Scheme of the ORC plant considered in this study.

heat selling prices, thermal power required by the heat user, fuel
cost) and the results of the design optimization algorithm (i.e., the
sizes and performance features of the equipment units, the heat
transfer area of heat exchangers, the heat transfer coefficients of
streams at design load, pressures, temperatures and mass flow
rates at design load).

The variables of the part-load optimization model xo are the
temperatures T, pressures p and mass flow rates m of all the streams
(turbine admission, bypass stream, hot oil loop, water loop, and
boiler fuel, air and flue gases), the pressure drop of the turbine
admission valve, heat transfer areas of the main heat exchanger
sections (economizer, evaporator and superheater) and condenser
sections (de-superheating and condensation) during time period t.
The objective function of the part-load optimization problem may
be any performance index relevant for the plant operator. For
example, it could be the net electric efficiency of the cycle or the
gross margin GM; of the plant at the operating period t:

GM; = [SPEL WeLe + spq Quskrs
(2)

— PCFUELIMIFUEL ¢ LHVFUEL} Afy,
where pcrygr denotes the fuel specific purchase cost, LHVgyg. is the
fuel lower heating value, spg is the electricity selling price, Wg tis
the net electric power, spq is the heat selling price and At; the
duration of period t.

The model equations are handled as constraints of the optimi-
zation problem. A summary of such constraints is reported below.

2.1.1. Constraints/equations related to the cycle model

1) Energy and mass balance equations of each equipment unit
(economizer, evaporator, superheater, turbine, regenerator,
pump, condenser, water loop, heat user, turbine admission

valve, bypass mixer and splitter) under steady-state flow
(transients and system dynamics are not considered).
2) Heat transfer rate equation of each heat exchanger i,

Qi = SiUi ATy it (3)
where Q;; denotes the exchanged thermal power, S; the heat
transfer area, U the overall heat transfer coefficient (depending on
the current mass flow rates as described below), and ATy the
average logarithmic temperature difference between hot and cold
flows.

3) Simplified correlations to relate the heat transfer coefficients to
the fluid mass flow rates across the heat exchanger,

)
where Ujp denotes the nominal (in design conditions) overall heat
transfer coefficient of heat exchanger i, m; p denotes the nominal
mass flow rate of the fluid with the lowest heat transfer coefficient
(i.e., the one which actually limits the heat transfer rate), my ; is the
mass flow rate of the fluid at time period ¢, and 7; is a calibration
parameter depending on the type of fluid (0.58 for liquid, 0.52 for
two-phase, 0.63 for vapor/gas). The values of 7; have been deter-
mined by regressing off-design calculations performed with Ther-
moflex (a commercial software capable of performing accurate
design and off-design simulations of power plants [24]) for
different power cycles.

my ¢
Uit = Uip- (—
myp

(4)

4) Simplified correlations to relate the pressure drop across each
heat exchangers to the fluid mass flow rate:
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where 4pj(t) denotes the nominal (in design conditions) pressure
drop of the i-th heat exchanger, mg denotes the nominal mass flow
rate of the flow, and m; is the mass flow rate at time period t.

5) Total heat transfer area of the main heat exchanger and
condenser. The model assumes that the main heat exchanger
(ideally divided into three sections: economizer, evaporator and
superheater) is once-through, as in many ORC plants. Thus, the
extensions of the sections can vary depending on the operative
conditions and fluid flow rate. Thus, a constraint on the total
area of the three sections must be set:

Secot + Sevat + SsHt = SMHE, (6)

where Syiye is the overall heat transfer area computed at the design
stage, while Sgco, Seva Ss are the heat transfer areas of econ-
omizer, evaporator and superheater during time period t.

A similar constraint is written for the condenser total area
(divided into desuperheating section and condensation section).

6) Turbine overall characteristic law relating the non-dimensional

flow rate ¢ to the expansion pressure ratio ft.of the turbine
according to the Stodola's law [9]:

bt = fStodola (5T,t)7 (7)

where

Mcge /v RTcgeZcst )

Pcs AT

Pt =

and fstodolg denotes the Stodola's law relation. In Eq. (8) v denotes
the ratio between constant pressure and constant volume specific
heat capacity of the fluid, R is the ideal gas constant, At is a refer-
ence turbine area (e.g., cross-sectional area), while zcg: is the
compressibility factor (which has been added to take into account
of the real gas effect of the fluid [4]) evaluated at the turbine inlet
conditions.

7) The turbine performance map which provides the turbine
isentropic efficiency as a function of its operative variables. The
correlation derived in Ref. [8], one of the few ones publicly
available, has been considered. It relates the turbine isentropic
efficiency to the relative variations of volumetric flow ratio and
the turbine enthalpy drop:

Mso.T.t = MSO.T.D THt TVt 9)

where 1y and ry; are computed with the following formula,

e = ((a1-Tre+az)-rraz) -rre+ag, (10)

rve = (((as Tyt -+ ag) Tyt — az) Tyt + Gg) Ty + dg. (11)

The parameters referred to in Eqs. (10) and (11) are reported in
Table 1 while rr and ryt (relative variations of the turbine enthalpy
drop and outlet volumetric flow rate) are defined in Egs. (12) and
(13):

rry = y/ (Ahre/Ahrp), (12)
VTt = 4/ (VT,t/VTD)» (13)

where 4htp and VT,D are the design values of respectively the
turbine enthalpy drop and the turbine outlet volumetric flow rate,
while 4hr; and Vi are their values during time period t.

A 3-D plot of the turbine isentropic efficiency is reported in Fig. 2.

We have to notice a typo in the parameters of the equations of
the original publication: according to Eq. (11) in Ref. [8], the
correction parameter (ry;-rv) would not be equal to 1.0 at the
nominal conditions. The correct parameters should be those re-
ported in Table 1.

8) Inequality constraint to avoid premature evaporation in the
regenerator. This constraint is particularly important for the
sliding pressure mode at low ORC loads, when the regenerator
heat transfer area is large compared to the fluid mass flow rate
and the fluid pressure is low. The constraint guarantees that the
liquid temperature at the outlet of the regenerator Tcs; is
ATmarc lower than the saturation temperature Tgya: (Where
ATwviarg is a safety margin temperature difference):

Tesr < Tevar — ATviare- (14)

A ATmarc of 5 °C is considered in the following analysis.

9) Inequality constraint to satisfy the user's heat demand at each
time period t:

Qconp > Quskry- (15)

10) Non-negativity constraints on the mass flow rates, and
bound constraints on pressures and temperatures (to guar-
antee the physical feasibility of the solution).

11) Equality constraints imposing the thermodynamic relations
between fluid properties (i.e., specific volume, enthalpy and
entropy as functions of pressure and temperature) of each
stream. REFPROP [25], a commercial software using properly
calibrated equations for the thermodynamic and transport
properties of a wide variety of pure fluids and mixtures. The
equations of state proposed in Refs. [26,27] are used for
MDM and toluene respectively.

Table 1
Parameters required for the computation of the
isentropic part load efficiency of the expander.

Parameter Value

A 1.398
a —5.425
a3 6.724
EV 0.619
as -0.21

g 1.117
az —2.533
ag 2.588
ag 0.038
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2.1.2. Constraints/equations related to the boiler model

1) Energy and mass balance equations of the boiler furnace
assuming complete combustion of fuel species, no direct radi-
ation to heat exchangers, and heat losses equal to 3% of the fuel
thermal power (LHV basis). It is also assumed that the percent
excess air is kept constant at part-load operation, equal to the
design value (80%). The energy and mass balance equations of
the boiler furnace relate the fuel flow rate and preheated air
temperature to the flow rates of air and flue gases, and flue gas
temperature.

2) Energy and mass balance equations of the air preheater and
radiative heat exchanger (flue gases—oil).

3) Heat transfer rate equation of the air preheater and radiative
heat exchanger (flue gaes—oil), as in Eq. (3).

4) Simplified correlations relating heat transfer coefficients and
pressure drops to the fluid mass flow rates across each heat
exchanger, as in Eq. (5).

5) Equation of state and thermodynamic property equations of air
and flue gases (modeled as ideal mixtures of ideal gases) and oil
(modeled as uncompressible liquid with constant specific heat
capacity).

2.1.3. Part-load optimization problem

The part-load optimization problem aims at maximizing the
gross margin of each operating period t. It can be formally stated as
follows,

maxy, . GMt (XD, XO,t)
s.t. 8o(Xp,Xor) <O

ho(xp,%0¢) =0 (P1)
Ibo < X0 < ubg
XorER™

where the objective is to maximize the gross margin GM; of time
period t which depends on the cycle design variables xp (size of the
plant, turbine design variables, cycle design variables, etc) and
operating variables xo: (pressures, temperatures, mass flow rates,
heat transfer surfaces of the variable sections within the main heat
exchanger and condenser) at time period t. In (P1) Ibo and ubg
denote the lower and upper bounds on the operating variables (due
to physical limitations), while go and hg denote respectively the set

of inequality and equality constraints corresponding to the model
equations of both cycle and boiler. Note that in the part-load
operation problem the design of the cycle is not changed but it is
fixed (hence xp are kept constant).

The optimization problem features 31 variables (size of vector
Xo,t), 25 equality constraints (size of hg) and 20 inequality con-
straints (size of gp). The difference between number of variables
and constraints, six, is equal to the number of independent control
variables which can be adjusted to control the plant load. Although
not relevant for the above-described optimization problem (as they
are handled as the other variables, without any distinction), it is
worth identifying such independent variables to analyze the results
of the optimization. Among the possible choices, we consider as
independent control variables the following ones: working fluid
flow rate mc, hot oil flow rate my, water flow rate m, by-pass
stream flow rate mpgp, throttling valve pressure drop (pc7 — pcg), hot
water temperature Tyy3.

Since the objective function as well as most of the constraints
are nonlinear and nonconvex with respect to the optimization
variables, the optimization problem is a nonconvex NonLinear
Program (NLP).

2.2. Optimization algorithm

The model equations and related optimization problem have
been coded in Matlab [28]. Although commercially available pro-
cess simulation codes could easily perform the off-design calcula-
tion of ORCs (see for instance [8]), we preferred to develop a Matlab
code for the following advantages:

- plenty of optimization algorithms for constrained nonlinear
optimization problems (several versions of sequential quadratic
programming, interior point methods, Augmented Lagrangian
algorithms, etc) are available in Matlab and it is straightforward
to test them and pick up the best one for the specific application;

- having access to each single equation, it is possible to reduce the

difficulty of the optimization problem by performing a direct

substitution of variables (eliminating variables and equations by
direct substitution the complexity of the optimization problem
decreases);

it is possible to properly scale (normalize) each equation and

variable so as to limit the numerical issues of the optimization

algorithm;

it is possible to repeat the optimization starting from different

initial points with the aim of minimizing the risk of converging

to a local optimum.

After a preliminary comparison of algorithms, the SQP
(Sequential Quadratic Programming) available in the Matlab Opti-
mization Toolbox [13] has been selected. As function derivatives
(objective and constraints) cannot be analytically computed,
gradient are estimated as finite differences, and the Hessian is
estimated with the Quasi-Newton BFGS method. The preliminary
computational tests have confirmed the superiority of SQP algo-
rithms on highly constrained NLPs, as observed in Ref. [29].

2.3. Part-load model validation

The cycle model described in part A of this two part paper has
been validated with the data of a real plant, the “Scharnhauser Park”
biomass-fired CHP plant in Ostfildern (Germany), available in Refs.
[30,31]. The plant scheme is similar to that reported in Fig. 3.1t
features a superheated regenerative ORC with MDM as working
fluid, 5.3 MW thermal output and 1 MW nominal power output.
Design parameters as well as the part-load control strategy
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Fig. 3. Comparison of the trend of gross electric efficiency versus gross turbine power
output for a set of experimental data of the “Scharnhauser Park” ORC plant [30,31] and
the results obtained from the part-load model presented in this paper and tuned to
follow the control strategy of the plant.

(sliding-pressure) of the “Scharnhauser Park” plant needed for the
comparison were taken from Refs. [30,31]. Components and
equipment of the cycle have been sized to obtain the same cycle
design as the “Scharnhauser Park” plant (see Part A [1]). Then, six
additional constraints have been added to the part-load model so as
to force the sliding-pressure control strategy followed by the real
plant. Important details were kindly communicated by the corre-
sponding author of [30,31]. Due to the addition of the six con-
straints, the part-load optimization problem was in fact turned into
a system of nonlinear equations simulating the behavior of the real
plant.

The comparison with the experimental measurements available
in Refs. [30,31] is shown in Figs. (3) and (4). Fig. 3 compares the
measured data of gross turbine power and gross cycle electric ef-
ficiency (turbine gross electric power divided by the cycle thermal
input) with the results obtained from the part-load model. In Fig. 4
the measurements of turbine inlet pressure and volumetric flow
rate of working fluid at pump inlet are compared with the results of
the part-load model. Figs. (3) and (4) indicate that the part-load
model can accurately predict the performance and part-load

12 v S ——
1160 RPM

10

8 2
870 RPM /
6 -

580 RPM
4 - x
290 RPM ; s

[ turbine inlet pressure
‘ pump curve

Turbine inlet
pressure (bar)

0 10 20 30
Volumetric flow rate (1/s)

Fig. 4. Comparison between the data of turbine inlet pressure versus volumetric flow
rate measured at the “Scharnhauser Park” ORC plant [30,31] and the results obtained
from the part-load model presented in this paper. These points are obtained for the
different load levels shown in Fig. 3.

operation of the real CHP cycle over a sufficiently wide range of
loads.

As far as the boiler is concerned, it was not possible to validate
its model because (i) the structure of the boiler of the “Scharn-
hauser Park” power plant differs from the one considered here (the
boiler of the “Scharnhauser Park” power plant features also a heat
exchanger transferring heat directly from flue gases to the district
heating network), and (ii) the part-load control strategy of the
boiler cannot be reproduced with the measurements reported in
Refs. [30,31]. Thus, we have thoroughly checked the consistency of
the model results on the basis of engineering criteria and com-
parisons with the part-load behavior of industrial boilers.

2.4. Maximume-efficiency part-load operation of ORCs

In this section the part-load model and algorithm are tested on
the ORC plants optimized in Part A [1] for maximum electric effi-
ciency so as to evaluate the performance of the SQP algorithm
(computational time and convergence issues), and analyze the
optimal control strategy for such plants. Their part-load operation
strategy leading to the maximum electric efficiency is determined
for a wide range of loads, ranging from 100% (nominal value) to
20%of condenser thermal power. A load step of 85 kW is considered
so as to plot the main operative variables as functions of the load.
As a result, 51 load levels have been optimized for each design. In
order to save computational time and minimize the risk of
converging to a local optimum, it was decided to optimize the 51
load levels in descending order (starting from the 100% load case).
The 100% load solution, which is the design point (already known),
is used as starting point of the 100% load operating point. Once the
first load is computed, the process is repeated by using such
solution as start-ing point for the next lower load point. A thorough
analysis of the optimized solutions indicates that SQP likely
converges to globally optimal solutions.

As far as the computational time is concerned, optimizing 50
part-load conditions takes 60 s (about 1.3 s for each load condition)
on an Intel Xeon 2.8 GHz 12-core computer without exploiting
parallel computing for the calculation of the finite differences.

Fig. 5 reports the plot of the electric and thermal efficiency of
design PR-140 with toluene described in Part A [1] when operated
at part-load following the optimal control strategy determined by
the part-load model for maximum efficiency. On the basis of the
plot of Fig. 6 showing the evaporation and turbine admission
pressures as functions of the condenser thermal load, it is clear that
the optimal control strategy follows the sliding-pressure mode in
the high range of loads (from 100% to 50% of the condenser thermal
power), and a combination of sliding-pressure and throttling in the
range of low loads (below 50%). The pressure loss of the throttling
valve is indeed zero in the high load range as the turbine admission
pressure is essentially equal to the evaporation pressure. In the low
load range, the plain sliding-pressure control strategy cannot be
applied as the evaporation pressure would be so low that evapo-
ration would begin in the regenerator causing severe problems of
vibrations and an unsteady flow to the evaporator. For this reason,
at low loads, the optimized control strategy is hybrid: it decreases
the evaporation pressure and partially closes the throttling valve at
the turbine admission to further decrease the fluid mass flow rate
and the cycle load.

Fig. 7 details the comparison between the net electric efficiency
of the optimized control-strategy and that of the conventional
modes (sliding-pressure and throttling). The figure shows that (1)
the throttling control mode is the least efficient one over the whole
range of loads, and (2) in the range 100—33%, the optimized control
strategy achieves essentially the same net electric efficiency of the
ORC as the sliding-pressure control mode. Below about 33% of load,
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Fig. 5. Plot of the net electric efficiency and thermal efficiency of design “PR-140" using
toluene (described in Part A [1]) with respect to the condenser relative thermal load
(thermal power/design thermal power of the condenser).

the plain sliding-pressure control strategy cannot be applied while
the optimized control strategy (using also the turbine admission
valve) can.

Fig. 8 shows how the independent control variables are adjusted
in the control strategy of plant PR-140 optimized for maximum
efficiency. Only five independent control variables are plotted
(working fluid flow rate, oil flow rate, water flow rate, throttling
valve pressure drop, hot water temperature) because the sixth one,
the by-pass flow rate, is always equal to zero.

It is important to note that similar optimized part-load opera-
tion strategies and computational times for the convergence of the
SQP algorithm have been found for design PR-110 with toluene and
designs PR-140 and PR-110 with MDM. Instead, the part-load
operation strategy of designs PR-80 are worth analyzing since
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Fig. 6. Plot of the evaporation and turbine admission pressures of design “PR-140"
using toluene (described in Part A [1]) with respect to the condenser relative thermal
load (thermal power/design thermal power of the condenser).
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Fig. 7. Comparison between the net electric efficiency of the optimized control-strategy
and that of the conventional modes (sliding-pressure and throttling) as a function of the
condenser relative thermal load.

they are quite different. Fig. 9 plots the net electric efficiency and
the thermal efficiency of design PR-80 with toluene as functions of
the condenser relative load. Fig. 10 shows the plot of evaporation
pressure and the turbine admission pressure as functions of the
condenser load. As the heat demand decreases, the sliding-
pressure control mode is adopted until the 70% load is reached.
Then, the evaporation pressure changes trend: the evaporation
pressure is increased as the load decreases. This is quite peculiar
compared to the typical load-control strategies of conventional
power plants. The analysis of the temperatures of the cycle streams
reveals that this happens in order to avoid the premature
evaporation of liquid in the regenerator.

3. Simultaneous optimization of design and part-load
operation

Optimizing the design first and the part-load operation then
could lead to suboptimal solutions, as justified in the introduction.
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Fig. 8. Plot of the independent control variables as a function of the condenser relative
load relative to the maximum-efficiency part-load control strategy of design PR 140
with toluene. Working fluid flow rate, hot oil flow rate and hot water temperature are
normalized with respect to their design (full-load) values, while pcg/pc7 denotes the
pressure ratio of the turbine admission valve (if equal to one, the valve pressure drop is
Zero).



Design PR-80 with toluene
90

80

. : S . e
60

50 Thermal efficiency, [%]

40 —Net electric efficiency, [%]

30

20

10

20 40 60 80 100
Condenser relative thermal power [%)]

Fig. 9. Net electric efficiency and the thermal efficiency of design PR-80 with toluene
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In theory, both design and part-load operation variables (and
strategy) should be optimized all at once. Solving such a simulta-
neous optimization problem would allow to determine the values
of both design variables xp and operating variables xo for each
expected operating time period of the year.

3.1. Optimization problem
The problem can be stated as follows:

maXxy, Xo.tP(xDvxo,t)
st. gp(xp) <0
g0 Exnyxo,t; <0
ho(xp,X0¢) =0
Ibp < xp < ubp
Ibo <%0 < ubg
XpE %nD
Xo(t) € &M

(P2)
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Fig. 10. Plot of the evaporation and turbine admission pressures of design PR-80 using
toluene (described in Part A [1]) with respect to the condenser relative thermal load
(thermal power/design thermal power of the condenser).

where xp, Ibp, ubp and gp label respectively the set of design var-
iables (plant size, evaporation design pressure, condenser design
pressure, design superheating degree, design pinch point temper-
ature difference of regenerator, main heat exchanger, turbine
rotational speed, and expansion ratio of each turbine stage), lower
and upper bounds on the design variables and design constraints
(see Part A [1]). Instead xo ¢, Ibo, ubo, ho, and gp concern the part-
load operation. P denotes the annual profit of the plant and it de-
pends on both design and operating variables:

P(xp,X0¢) = Y GM(xp, X0,)—(Ca(xp) + Cp(Xp)
te®

+ > Gj(*p)) -LCCR — Cy(%p), (16)
jeo

where GM; is the gross profit of operating period t (depending on
both design and operating variables), ® is the set of expected
operating periods of the year, Cg is the cost of civil works, contin-
gencies, engineering and procurement, Cp is the cost of permits, Gy
is the fixed operation and maintenance cost, Cj is the investment
cost of the j-th equipment unit (boiler, turbine, etc) and & is the set
of equipment units of the cycle. It is worth noting that Cg, Cp, Gy and
Cijdepend only on the design variables xp. The LCCR allows to
convert the investment cost into an annual cost. Indeed it is defined
as the amount of revenue per unit of investment cost that is needed
to pay the carrying charges on that investment (return on invest-
ment, income and property tax, book depreciation, and insurance)
[32].

As far as the design variables are concerned, it is important to
note that not only those considered in Part A [1] (evaporation
pressure pgya, condensation pressure pconp, superheating degree
ATsy, regenerator pinch point temperature difference ATpprec,
main heat exchanger temperature difference ATppymug, turbine
rational speed w, number of stages and expansion ratios of turbine
stage (i), but also the plant size is optimized. Indeed, depending on
the economic data, heat demand duration curve and part-load
performance maps of the plant, it may be profitable to oversize
or undersize the plant with respect to the nominal heat load
demand.

Tackling Problem (P2) is quite challenging because (i) the rela-
tively large number of variables and constraints, (ii) the optimiza-
tion algorithm may converge to a local optimum because of the
nonconvexity of the objective function and constraints, (iii) the
cycle design model and turbine design algorithm described in Part
A [1] (required to compute the plant investment costs Cg, Cp, Cm
and Gwithin the objective function) are non-differentiable and
discontinuous black-box functions (as shown in Part A) which
would jeopardize the use of efficient gradient-based optimization
algorithms. For these reasons, solving Problem (P2) is really
computationally expensive and may return very poor solutions.

3.2. Two-level decomposition

In order to overcome these issues, it was decided to perform a
two-level decomposition of the problem by optimizing the design
variables at the upper level and, for each fixed set of design vari-
ables, optimize the part-load operation for each expected operating
period of the year. The corresponding two-level algorithm is shown
in Fig. 11. At the upper level, the black-box optimization algorithm
PGS-COM [2] varies the design variables xp looking for the solution
with maximum annual profit. For each design solution xp sampled
by PGS-COM, first cycle and turbine are designed and their in-
vestment costs are assessed with the Matlab routine descried in
Part A [1], then the plant part-load operation problem (P1) is



optimized with the SQP algorithm for each expected operating
periods of the year. The part-load problem (P1) returns the gross
margin GM gained by the plant, the optimal control strategy and the
values of the operating variables in each expected operating
periods. At this point, the annual profit can be computed with Eq.
(16) and its value is returned to the upper-level optimizer, PGS-
COM, which uses such information to proceed and determine the
next point xp to sample (further details on PGS-COM can be found
in Refs. [1,2]).

This approach allows to accurately estimate the annual profit of
the designed plant as it takes into account of its part-load efficiency
and expected heat demand profile. Moreover, it is worth noting
that, since the part-load operation is optimized for each design
solution and the two optimization levels (i.e., design optimization
performed by PGS-COM and operation optimization performed by
SQP) consider equivalent objective functions, the proposed two-
level approach is equivalent to the simultaneous optimization of
design and operation variables (a proof can be found in Ref. [33]).
Indeed, at the lower-level (optimization of part-load operation) in

Independent optimization
variables

Objective function
value
(Annual Profit)

Fig. 11. Block-flow scheme of the proposed optimization methodology.

which design variables and then investment costs are fixed,
maximizing the gross margin GM; for each time period ¢ is equiv-
alent to maximize the annual profit of the plant.

The advantages of the two-level approach compared to a
simultaneous one are (i) the minor risk of finding local optima due
to the lower number of optimization variables of the two levels, (ii)
the possibility of using ad hoc optimization algorithms for each
problem (tackling the small-scale discontinuous design problem
with a robust derivative-free method, and the larger-scale part-
load operation problem with a more efficient gradient-based
algorithm).

The independent design variables optimized at the upper-level
by PGS-COM are the size of the plant (nominal thermal power of
the condenser), the evaporation and condensation pressures, the
pinch point temperature differences in the main heat exchanger
and regenerator, the turbine rotational speed and the expansion
ratio of each stage the number of turbine stages is indirectly opti-
mized, as explained in Part A of this work [1]. It is important to note
that the size of the plant can be optimized because, thanks to the
use of the turbine by-pass stream represented in Fig. 1, it is possible
to undersize the plant (e.g, design the plant for a nominal
condenser thermal power lower than the peak power required by
the heat user) and open the by-pass to satisfy the peak heat
demand.

4. Test cases

The two-level algorithm has been tested on the same test case
considered in Part A [1] which represents a real-world application:
optimize the design of a biomass-fired combined heat and power
ORC for a district heating network of a residential area. The com-
parison with the results of Part A [1] allows also to evaluate the
gain of annual profit which can be achieved by taking into account
of the heat demand duration curve and of the optimal part-load
operation of the ORC early at the design stage, and by optimizing
the design for the optimal part-load operation. Input data and
assumptions for the test case are reported in Tables 1, 2, 3, and 4 of
Part A [1] while the expected heat load duration curve of the
district heating network is published in Ref. [34] and reported in
Fig. 12. Like in Part A, toluene and MDM are considered as
candidate working fluids, and for each fluid, the ORC plant is
optimized for three electricity selling prices, 80 €/MWh, 110 €/
MWh, and 140 €/MWh because the electricity price has a great
effect on the optimal design. Upper and lower bounds of the
independent design variables are reported in Table 2.

The lower bound of the condenser thermal power (plant size)
has been set on the basis of preliminary computational tests. It is
the minimum size of the plant required to generate the peak value
of heat demand (i.e., 5300 kW) by using the turbine by-pass stream.
The selection criteria of the other bounds are discussed in Part A [1].

Before applying the two-level algorithm, it is necessary to dis-
cretize the heat-demand duration curve converting the continuous
curve into a piece-wise constant curve so as to identify a finite set
of part-load operating conditions. Indeed, in order to evaluate the
annual operation of the plant, the NLP optimization problem
associated to part-load operation must be solved for each heat
demand level of the heat user. Six operative periods have been
identified and their durations and heat demand values have been
determined so as to approximate the original continuous curve, as
shown in Fig. 12. A higher number of operating periods would
provide a more accurate approximation of the heat-demand
duration curve, however it would increase the computational time
required to evaluate the black-box of Fig. 11. It is worth noting that
with six operative periods, the evaluation of the black-box
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Fig. 12. Heat-load duration curve of the district heating network and its piecewise-constant approximation considered in the two-level algorithm for the optimization of the plant

operation over the year.

Table 2
Upper and lower bounds of the independent design variables.
Lower bound Upper bound

Plant size (condenser nominal thermal power), kW 4700 5300
Evaporation Pressure, kPa 300 Critical pressure
Superheating degree, K 1 75
Pinch point temperature diff. of the MHE, K 1 70
Pinch point temperature diff. of the regenerator, K 1 70
Condenser pressure, kPa 10 200
Turbine rotational speed, rpm 1000 20,000
Stage pressure ratio (—) 1 20

Constraint on the condenser pinch point temperature difference, >1 °C

function (in which the NLP problem related to the optimal opera-
tion problem is solved five times) takes on average 2.6 s.

With the aim of reducing the computational time and the risk of
finding a local optimum, the optimal design solutions found in Part
[A] (considering the number of full-load equivalent hours) have
been used as starting points of the two-stage algorithm. Each
optimization has been repeated 5 times, each one with 10,000
function evaluations (corresponding to 14 h on an Intel Xeon 2.8
GHz 12-core computer). The convergence curve (plot of the
objective function value of the best current solution as a function of
the number of function evaluations) for test PL-140 reported in Fig.
13 shows that the number of function evaluations is sufficient to
achieve convergence of the PGS-COM algorithm.

Results are reported in Table 3 for cycles using toluene and
Table 4 for cycles using MDM. PR-140, PR-110 and PR-80 label the
designs optimized with the design algorithm presented in Part A
[1] for the three electricity prices (140, 110 and 80 €/MWh), while
PL-140, PL-110 and PL-80 label the designs optimized with the
two-stage algorithm proposed in this part. In order to make a fair
comparison between cases PR and PL, the actual annual profit of all
solutions is determined by simulating the optimal operation of the
cycles over the whole year with the discretization of the heat-
demand duration curve. Note that such a value is lower than that
estimated in Part A [1] on the basis of the full-load equivalent hours
since it takes into account the part-load efficiency of the cycle
(which is lower than that at full-load).

Results in Tables 3 and 4 show that the simultaneous optimi-
zation of the design and part-load operation leads to an increase of
the annual profit up to 22% (for case PR-80 with toluene), with an
average value of 11% for designs with toluene, and 14% for those
with MDM. This gain of profit is mainly due to the saving of capital
cost. For instance, compared to designs PR, all designs PL are un-
dersized and use the turbine by-pass stream to satisfy the peak

demand of thermal power. Of course, the lower is the electricity
price, the smaller is the optimal size of the plant (indicated by the
condenser thermal power reported in Tables 3 and 4). Other
important differences between designs PR and designs PL concern
the evaporation and condensation pressures, superheating degrees,
and pinch point temperature differences. It is worth noting that
essentially all designs PL use higher condensation pressures, lower
superheating degree, and larger pinch point temperature differ-
ences (specially for the condenser) compared to designs PR. This
general trend is due to the fact that such design choices tend to
decrease the capital cost of the cycle components without signifi-
cantly penalizing the average efficiency of the cycle during the
expected operation period. Indeed, at part-load, the condensation
pressure naturally decreases, the superheating degree increases,
and the pinch point temperature differences of the heat exchangers
decreases, causing a rise of the cycle efficiency. Another important
peculiarity is the fact that all designs PL have higher evaporation
pressures than PR. This is due to two main reasons: (1) since during
operation at part-loads (most of the hours) the evaporation pres-
sure is decreased by the optimized control strategy, its value gets
closer to the optimal efficiency value, (2) setting a higher design
value of evaporation pressure reduces the risk of premature evap-
oration in the regenerator (which occurs at higher temperature),
and then it allows to adopt the sliding-pressure mode (the most
efficient one) for lower loads with a benefit on the part-load
efficiency.

As far as the comparison between the two working fluids is
concerned, it is worth noting that for the highest electricity price
scenario (cases PL-140) there is only a negligible difference be-
tween the design-load net electric efficiency and the capital costs of
the two cycles. However the cycle using toluene has a larger
optimal size and this is advantageous for the plant revenues (larger
electric power output). As a result, plant PL-140 with toluene
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Fig. 13. Convergence curve of PGS-COM for test case PL-140 (relative to the best run).

achieves an 8% higher annual profit. For lower electricity prices the
difference of annual profit between the toluene and MDM designs
tends to increase: 10.7% for the electricity price of 110 €/ MWh, and
14.4% for the electricity price of 80 €/MWh. Thus, also when
considering part-load operation, toluene turns out to be better than
MDM in terms of cycle efficiency and economic profit.

The part-load operation strategies of designs PL-140 and PL-110
with toluene and MDM are similar to those of designs PR-140 and
PR-110 described in Section 2, with the difference that at the peak
load condition the turbine by-pass is partially opened. Instead, the

Table 3

part-load operation strategy of designs PL-80 are worth analyzing
since they are significantly undersized, and their cycle is quite
different from that with maximum efficiency. The plot in Fig. 14
reports the net electric efficiency and the thermal efficiency of
design PL-80 with toluene as a function of the condenser load. Fig.
15 shows the plot of evaporation pressure and the turbine
admission pressure as a function of the condenser load. At 100%
load (peak demand of heat), the evaporation pressure is lower than
the design value since part of the vapor flow rate by-passes the
turbine. Then, as the heat demand decreases, the bypass is

Optimized ORC design solutions with toluene: comparison between designs PR computed in Part A [1] considering the full-load equivalent hours of the heat user, and designs
PL determined with the two-stage algorithm for the simultaneous optimization of design and part-load operation. Note that the estimated annual profit has been estimated by
considering the full-load operation of the ORC plant for 4290 equivalent hours per year (i.e., as done in Part A). Instead, the actual annual profit has been estimated by
simulating the annual part-load operation of the ORC plant indicated by the heat-demand duration curve.

Designs with toluene PL-140 PR-140 PL-110 PR-110 PL-80 PR-80
Evaporation pressure, kPa 257891 2190.1 2757.14 2136 1706.96 998.7
Evaporation temperature (dependent variable), K 551.38 5354 559.61 540.52 496.98 489.9
Condenser Thermal Power (cycle size), kW 5144.74 5300 4709.4 5300 4702.74 5300
Superheating degree, K 11.85 29.8 7.82 31.63 38.58 75.0
Pinch point temp. diff. MHE, K 2.72 1.0 2.52 1 5.01 83
Pinch point temp. diff. regenerator, K 4.8 4.67 7.84 7.34 21.47 20.1
Condenser pressure, kPa 59.51 41.05 55.29 4493 137.67 66.79
Pinch point temp. diff. of condenser (dependent variable), K 1343 2.09 1141 5 44.02 18.43
Turbine rotational speed, rpm 20,000 20,000 20,000 20,000 19,862 20,000
Number of turbine stages (dependent variable) 2 2 2 2 1 1
Pressure ratio of 1st stage 4.76 5.139 5.77 4.86 12.40 18.081
Pressure ratio of 2nd stage 9.1 10.381 8.64 9.77 - —
Nominal electric efficiency (design-load), % 18.07 21.01 19.38 20.60 13.06 15.04
Nominal power output (design-load), kW 1394.7 1706.5 1358.8 1661.4 830.13 1110.90
Fuel thermal input LHV basis (design-load), kW 7720.4 8122.1 7012.2 8065.4 6358.64 7384.51
ORC mass flow rate (design-load), kg/s 13.52 13.69 11.65 13.62 12.10 13.25
Oil mass flow rate (design-load), kg/s 60.25 48.87 78.43 46.91 22.46 29.05
Investment cost, k€ 5071.2 5346.0 4807.0 5261.4 4159.4 4593.4
Estimated Annual profit (full-load eq. hours), k€/year n.a. 691.59 n.a. 472.19 n.a. 255.86
Actual Annual profit (part-load operation), k€/year 632.63 611.16 45337 414.22 284.76 233,53
Actual Pay back time, years 9 9 12 13 15 18




Table 4

Optimized ORC design solutions with MDM: comparison between designs PR computed in Part A [1] considering the full-load equivalent hours of the heat user, and designs
PL determined with the two-stage algorithm for the simultaneous optimization of design and part-load operation. Note that the annual profit of all solutions (PL as well as PR)

is estimated by simulating the annual operation of the cycles.

Designs with MDM PL-140 PR-140 PL-110 PR-110 PL-80 PR-80
Evaporation pressure, kPa 1358.56 985.56 1372.85 865.04 557.24 399.00
Evaporation temperature (dependent variable), K 544.88 525.4 547.68 501.2 451.74 487.3
Condenser Thermal Power (cycle size), kW 4733.44 5300.00 4758.55 4793.16 4702.74 5300.00
Superheating degree, K 10.58 31.92 1.00 40.20 57.81 1.00
Pinch point temp. diff. MHE, K 1.02 1.00 1.00 1.00 5.54 70.0
Pinch point temp. diff. regenerator, K 8.76 6.63 11.93 11.99 60.86 394
Condenser pressure, kPa 19.31 10.00 21.92 10.13 52.42 31.24
Pinch point temp. diff. of condenser (dependent variable), K 21.10 3.7 25.24 42.65 59.05 39.87
Turbine rotational speed, rpm 15,212.11 10,950.08 20,000.00 11,266.02 19,318.17 17,845
Number of turbine stages (dependent variable) 2 2 2 2 1 1
Pressure ratio of 1st stage 5.17 6.57 5.51 5.69 10.63 15.24
Pressure ratio of 2nd stage 13.61 15.01 11.36 15.01 - -
Nominal electric efficiency (design-load), % 18.09 19.953 16.91 12.666 833 9.352
Nominal power output (design-load), kW 1268.01 1626.98 1161.54 916.53 494.69 633.24
Fuel thermal input LHV basis (design-load), kW 7010.37 8153.73 6868.06 7235.92 5935.40 6771.16
ORC mass flow rate (design-load), kg/s 21.41 27.44 23.26 26.62 17.32 22.36
Oil mass flow rate (design-load), kg/s 44.31 49.25 26.90 39.22 14.25 65.20
Investment cost, k€ 4948.55 5536.01 4839.48 5385.62 3898.49 9.352
Estimated Annual profit (full-load eq. hours), k€/year n.a. 603.47 n.a. 395.41 n.a. 211.21
Actual Annual profit (part-load operation), k€/year 581.79 511.64 404.66 343.77 243.64 219.48
Actual Pay back time, years 9 11 12 16 17 21

progressively closed the evaporation rises up to the maximum
value (for 90% of the condenser load). At lower loads, the sliding-
pressure control mode is adopted and the evaporation pressure
decreases so as to decrease the vapor flow rate. However, at about
35% of the load, the evaporation pressure changes trend (below 35%
of the load, pressure is increased at lower loads) so to avoid the
premature evaporation of liquid in the regenerator.

5. Conclusions

The main objective of this two-part publication is to describe
and show the effectiveness of a novel design optimization approach
for Combined Heat and Power Organic Rankine Cycles capable of
simultaneously optimizing the plant design and part-load opera-
tion. With a two-level strategy, at the upper level the direct-search
derivative-free algorithm (PGS-COM) optimizes the independent
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80

70

60

- Thermal efficiency, [%]
40 —Net electric efficiency, [%]
30

20

10

20 40 60 80 100
Condenser relative thermal load [%]

Fig. 14. Net electric efficiency and the thermal efficiency of design PL-80 with toluene
as a function of the condenser load.

design variables, and at the lower level the cycle is designed with
the algorithm proposed in Part A [1] and its part-load operation is
numerically optimized with the algorithm proposed in this paper.
The objective function can be any thermodynamic or economic
performance index.

The computational results obtained for a medium size biomass-
fired Combined Heat and Power Organic Rankine Cycle show that,
(1) formulating the part-load optimization problem as a nonlinear
optimization problem and tackling it with the Sequential Quadratic
Programming algorithm appear to be particularly efficient in terms
of computational time, (2) in spite of the part-load problem non-
convexity, a thorough analysis of the optimized solutions indicates
that the Sequential Quadratic Programming algorithm likely con-
verges to globally optimal solutions, (3) thanks to the parallel-
computing capability of PGS-COM and the use of a multiple-core
computer, the computational time required by the two-stage al-
gorithm is not prohibitive, about 14 h. This feature makes the
approach an effective design tool not only for research but also for
the industrial sector.
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Fig. 15. Plot of the evaporation and turbine admission pressures of design PL-80 using

toluene with respect to the condenser relative thermal load (thermal power/design
thermal power of the condenser).



Results indicate that there is a substantial advantage in
considering part-load operation early at the design stage of the
plant. Indeed, the ORC plant designs optimized considering also
part-load operation (designs “PL” described in Section 4 of this
paper) lead to a considerably higher annual profit (up to 22%
higher) compared to designs optimized in Part A [1] considering
only full-load operation for the given number of equivalent hours
(designs “PR”, as described in Part A). In particular, with respect to
designs “PR”, essentially all designs “PL” are slightly undersized and
use the turbine bypass to satisfy the peak load, and have higher
evaporation and condensation pressures, lower superheating de-
grees, and larger pinch point temperature differences. Such design
choices allow to save capital cost without significantly penalizing
the part-load efficiency of the plant.

As far as the optimal part-load operation strategy is concerned,
all designs are controlled following the sliding-pressure mode at
high loads, and with a combination of sliding-pressure and throt-
tling at low loads where the sliding-pressure mode cannot be
applied because premature evaporation occurs in the regenerator.
Advantageous expedients used by the optimizer to limit this issue
are: (1) use the turbine admission valve to increase the evaporator
pressure while decreasing the turbine admission pressure, (2)
adopt high design values of the evaporation pressure so as to
extend the load range in which the sliding-pressure mode (the
most efficient one) can be adopted.
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Nomenclature

BFGS Broyden, Fletcher, Goldfarb, Shanno hessian
approximation

CHP combined heat and Power

LCCR levelized capital charge rate

LHV lower heating value

MDM  otcamethyltrisiloxane working fluid

MHE main (Thermal oil-working fluid) heat exchanger

NLP nonlinear program
ORC Organic Rankine cycle
PGS-COM pattern generating set complex optimization algorithm

PR plant designs optimized for maximum annual profit
without considering part-load operation

PL plant designs optimized for maximum annual profit with
simultaneous optimization of part-load operation

SQP sequential quadratic programming

Symbols

X vector of optimization variables

b lower bounds of the optimization variables

ub upper bounds of the optimization variables

g vector of inequality constraints of the optimization

problem

h vector of equality constraints of the optimization problem

m mass flow rate

T temperature

p pressure

h enthalpy

174 electric power

Q thermal power

t index denoting the expected operating periods of the year

At duration of operating periods

(¢} set of expected operating periods of the year

P set of equipment units of the plant

C cost

GM gross margin

P annual profit

sp selling price

pc purchase cost

U global heat transfer coefficient of heat exchangers

S heat transfer area of heat exchangers

® turbine non-dimensional flow rate

I’} turbine pressure ratio

) turbine rotational speed

z compressibility factor

1% volumetric flow rate

n efficiency

a parameter of turbine part-load efficiency

r correction factors of turbine part-load efficiency

A reference area of turbine

R ideal gas constant

¥ ratio between constant pressure and constant volume
specific heat capacities
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