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EXTENDED ABSTRACT

Introduction

Distributed (decentralized) small- and medium-scale energy generation systems, such as
internal combustion (IC) combined heat and power (CHP) plants, have an important role to
play in a decarbonised energy future, while heat recovery and the further exploitation of this
thermal energy is important in increasing the overall electrical efficiency of these energy
systems which is important in applications that demand low heat to power ratios. Such a
possibility is offered by bottoming organic Rankine cycles (ORCs), and is transferable to
many other applications reducing primary energy use and pollutant emissions.

ORC systems range from micro-scale (less than 10 kW), for automotive sector or domestic
cogeneration to large multi-megawatt applications of geothermal and biomass power
plants. Today, the development of ORC plants with power output above a few hundred kW is
in a quite advanced stage, whereas the downsizing of this technology to micro and small-scale
(between 10 and 100 kW) presents high costs and limited energy conversion efficiency, that
represent the main drawback to achieve a reasonable payback time of the investment.

Methods, approach and results

A case study is considered in the present work of waste heat recovery from the exhaust gases
of a 375-kWe natural gas reciprocating IC engine for stationary energy generation. A thermo-
economic optimization is performed in order to select the thermodynamic parameters, cycle
configuration and working fluid that minimize specific investment costs, with specific
constraints on the minimum outlet temperature of the exhaust gases.
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In particular, thermodynamic and heat-transfer performance, component sizing, and capital
costs are analysed employing several working fluids in order to capture the trade-offs between
higher efficiency and lower investment costs. In addition to Toluene and R245fa that are
common working fluids studied in the literate for these systems, other fluids such as
Cyclohexane, Cyclopentane and R227ea have been evaluated taking into account
thermodynamic performance as well as other aspects (ODP, GWP, flammability).

The thermo-economic assessment has been carried out on the basis of a detailed cost
component analysis, and particular attention has been paid to the expanders and heat
exchangers as crucial components for determining the cost of ORC systems. Cost correlations
for heat exchangers and pumps have been taken from Seider et al. [1].

Since this work focuses on systems in the range from 10 to 100 kW, a volumetric screw
device has been chosen as the expander, thanks to its cost-performance compared to others
technologies at this scale. The cost correlation for the screw device used in this work has been
derived from several commercial compressors in the range of 3.7-184 kWe [2], which can be
operated in reverse mode as expanders.

Firstly, thermodynamic optimization aimed at maximizing the net power output was
performed.

An optimization exercise based on a cycle with a single-stage expansion process (single
expander) demonstrates the limit of this configuration with the expander efficiency dropping
to very low values for high volume ratios and this limiting the maximum temperature of the
cycle, leading to high exergy losses during the heating process.

For this reason, a two-stage stage expansion process using two expanders in series has been
considered. A revised thermodynamic optimization of this configuration shows a remarkable
increase in the cycle efficiency since the two expanders, working with the same pressure ratio,
allow higher temperatures and therefore lower exergy losses (see Table 1).

However, this approach leads, as expected, to high investment costs, such that a full thermo-
economic optimization is necessary to understand the trade-offs in this application. This
optimization exercise shows that the parameters that make the system cost effective are very
different from those obtained by the thermodynamic performance optimization (see Table 2).

Table 1. Comparison between ORC systems with a single expander (left) or two-stage
expander (right). Wy is the net power output; Devap » Pcond @re the evaporation and
condensation pressure; My is the mass flow rate of the working fluid; dgy, is the degree of
superheating; and Ny, the thermal efficiency.

Single expander Two-stage expander

Toluene = R245fa | Cyclopentane Cyclohexane Toluene R245fa  Cyclopentane @ Cyclohexane

Wpet (kW) 248 235 273 25.4 418 30.9 425 41.0
Pevap (bar) 275 15.81 5.44 2.48 5.06 27.74 26.70 9.87
Peona (bar) 037 2.29 0.71 033 0.10 2.38 0.66 0.23
s (kg/s)  0.49 0.86 0.46 0.50 0.41 0.95 0.34 0.40

dg, 0.00 0.99 0.10 0.00 0.00 1.00 0.81 0.00

Nen (%) 10.5 9.9 1.5 10.7 17.7 13.0 17.9 17.3
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Table 2. Rated costs and thermodynamic parameters obtained maximizing the power output
(left column) or minimizing the specific investment costs for cyclopentane cycles and both a
single screw expander (left) and two-stage screw expander (right).

Single expander Two-stage expander

Opt. max power | Opt. min spec. cost = Opt. max power | Opt. min spec. cost

Rated cost ($/kW) 3350 1900 2500 1800
W pee (KW) 27.3 23.1 42.5 33.6
Pevap (bar) 5.44 23.7 26.70 427
Pcona (bar) 0.71 4.27 0.66 2.66
1y (Kg/s) 0.46 0.51 0.34 0.40

dg, 0.10 0.05 0.81 1.00
N (%) 11.5 9.8 17.9 14.5

With these considerations in mind, a multi-objective optimization considering power and
costs has also been performed. The Pareto frontier obtained shows that an increase in the
power output leads to an increase of the cost of the ORC system. The optimum design
solution coming from the single objective thermo-economic optimization has been plotted on
the Pareto frontier. This makes it possible to explore other optimal solutions that can be
evaluated with different individual criteria.

The power optimization of the cycle and the minimization of the specific investment costs are
performed using an interior point algorithm [3] whereas the multi-objective optimization is
performed using a controlled elitist genetic algorithm (a variant of NSGA-II [4]).

Conclusions

A thermo-economic modelling and optimization of heat recovery from a reciprocating IC
engine for stationary energy generation via an ORC engine in small-scale applications has
been performed, with a specific focus on the minimization of the specific investment costs of
the system.

Specific cost equations have been introduced for screw expanders, which resulted the best
option in such small-scale ORC plants. Several working fluids have been considered in order
to optimize the specific cost of the ORC system.

The use of a two-stage expander has shown that the increase of the power output can
overcome the rise of the system cost leading to a more cost effective system.
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