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ABSTRACT 

 

The U.S. Department of Energy’s (DOE) Office of FreedomCAR and Vehicle 
Technologies Program has developed a plan that outlines research and development needs for 
advanced petroleum- and non petroleum-based fuels for on-road vehicle compression-ignition, 
direct-injection (CIDI) engines.  The plan calls for developing and validating predictive models 
that will be used to set emissions targets for the program and pathways for realizing those 
targets.  CIDI engines offer many advantages over traditional spark ignition (SI) engines.  In this 
research project, two separate simulation tools, WAVE (a one-dimensional engine modeling 
software package) and ADVISOR 2002 (the ADvanced VehIcle SimulatOR), were employed to 
study the efficiency, performance, and emissions impacts of advanced CIDI engine operation.  
First, WAVE was used to create steady-state engine maps; and then, these maps were fed to 
ADVISOR to simulate vehicle operation over different drive cycles.  At the same time, 
ADVISOR’s steady-state look-up approach was validated by WAVE’s transient simulation 
capabilities.  The focal point of the modeling was a 7.3-liter CIDI V-8 engine—specifically 
chosen because dynamometer-measured data for this engine was readily available.  WAVE’s 
ability to model an actual engine was assessed by comparing WAVE output to this 
experimentally measured data.  Lastly, several different engine efficiency and emissions control 
strategies (i.e., engine downsizing, adjusted valve timing, and cylinder deactivation) were 
investigated with the aid of both WAVE and ADVISOR to determine their promise as a future, 
valuable technology.  These simulations indicate that using a smaller engine and/or adjusting the 
valve timing have noticeable, positive effects on fuel economy and NOX (NO and NO2) and 
hydrocarbons (HC) emissions.  However, the simulation approach also indicated that cylinder 
deactivation might have less promise in a CIDI application.  Future work will focus on 
expanding the amount of empirical data on CIDI engines in passenger vehicles, and on 
improving the engine models to more reliably predict NOX and HC emissions.
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INTRODUCTION 
 

 Internal combustion (IC) engine research is an expansive field, with scientists and 
engineers in nearly all industrialized countries investigating engine designs that are more 
efficient and less harmful to the environment.  In an era when atmospheric pollution is evident 
and fossil fuel shortages appear imminent, this research is increasingly important.  Recently, 
increased research focus has been on advanced petroleum- and non petroleum-based fuels for use 
in compression-ignition, direct-injection (CIDI) engines.  The combination of these fuels and this 
engine type offers many advantages over conventional spark ignition (SI) engines, namely driven 
by the higher efficiency of the diesel engine. 
 The mission of the U.S. Department of Energy’s (DOE) Advanced Petroleum-Based 
Fuels (APBF) activity is to develop advanced petroleum and non-petroleum fuel constituents to 
enable light-duty vehicles and heavy-duty engines to improve in engine efficiency and durability 
while meeting current and future emission standards [1].  Fuel and engine research is time 
consuming and expensive, however, and prudent planning is always employed to guide research 
in the most critical and effective direction.  To this end, DOE’s Office of FreedomCAR and 
Vehicle Technologies Program has developed a plan that outlines research and development 
needs for advanced petroleum- and non petroleum-based fuels for on-road vehicle CIDI engines.  
The plan calls for the development and validation of predictive models that will be used to set 
emissions targets for the program, and of pathways for realizing those targets.  Simulation 
models and other analysis tools are to be integrated with data from numerous fuels programs to 
perform a systems emissions reduction (SER) analysis model.  SER analysis treats the vehicle, 
fuel, engine, and emission control devices as an integrated system and accounts for interactions 
between each system component. 
 Due to the breadth of emissions reduction possibilities and complex tradeoffs involved, 
analysis tools are needed to guide research, evaluate possible emissions reduction pathways, and 
develop optimum technical solutions.  Simulation software is useful in achieving these goals, 
particularly ADVISOR 2002 and Ricardo’s WAVE, which were both used in this study.  In 
2002, the National Renewable Energy Laboratory-Center for Transportation Technologies and 
Systems (NREL CTTS) requested that Ricardo develop four engine models, one of which was a 
7.3-liter CIDI V-8 engine.  This specific engine type was chosen because NREL possessed 
experimental test data for a similar engine from previous research activities.  The idea was to 
compare the experimental data to that calculated by the WAVE simulation software and, thus, 
validate the model approach.  The simulations can produce a wealth of output information in the 
form of engine maps.  ADVISOR uses these WAVE-simulated engine maps, as it would with 
real engine maps, to then simulate how different vehicles perform over a multitude of drive 
cycles. 
 This paper will report findings on the potential of using vehicle and engine simulation 
software to support the goals of DOE’s APBF activity.  Comparisons between the simulation 
results and data from an actual engine will be made.  Additionally, simulations will be used to 
explore the efficiency-emissions trade-offs of the following engine operating strategies: adjusted 
valve timing, cylinder deactivation, and engine down sizing.  This will be accomplished by using 
WAVE in conjunction with ADVISOR to predict engine/vehicle performance and emissions, as 
opposed to actually building and testing a costly engine.  The results of this project will shed 
some light on the question of whether simulation software can be trusted to accurately model the 
performance and emissions of IC engines. 
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MATERIALS AND METHODS 
 

 The primary software used in this study was the UNIX version of WAVE 5.0.  In 
2001/02, Ricardo prepared four engine models for NREL—specifically 2.2-, 5.0-, 7.3-, and 11-
liter diesel engines.  These models were analyzed and debugged to ensure proper operation.  
After troubleshooting, speed-torque sweeps were performed and engine maps were developed.  
This is a fairly unique application of WAVE, specifically the generation of emissions maps.  
Each of the original models came pre-packaged with several cases, ranging from low to high 
engine speed (rpm).  These individual cases were subsequently modified to include subcases, 
ranging from low to high brake mean effective pressure (bmep).  In the models, this was 
achieved by setting a target bmep for the simulation to converge upon after much iteration.  It is 
important to note that a time duration exceeding 20 hours was not uncommon for a simulation of 
many rpm-bmep operating points, even though the UNIX machine possessed two processors.  Of 
course, the more points simulated, the better, although there is a realistic limit when under time 
constraints.  To minimize simulation time, certain general parameters in the model were altered, 
for example, opting not to reinitialize the flow field in between cases, not pre-requesting a 
substantial amount of output data, and/or decreasing the number of simulation cycles (i.e., 
iterations) per subcase. 
 Of the four models, the 5.0- and 7.3-liter engines were studied in the greatest detail.  
Actually, the 5.0-liter is simply a scaled-down version of the 7.3-liter and is retrofitted with 
external exhaust gas recirculation (EGR).  The first modeling priority was to create base engine 
maps.  For both engines, these maps consisted of 60 speed-torque operating points. The speeds 
(i.e., cases) for both engines were the same: 700, 1100, 1600, 2100, 2700, and 3300 rpm.  
Similarly, at each of these speeds, the same 10 target bmep subcases were used: 0.10, 1.42, 2.74, 
4.05, 7.51, 7.78, 9.34, 10.74, 11.78, and 11.96 bar.  In terms of bmep, the peak curve for the six 
increasing engine speeds was 7.51, 9.34, 11.96, 11.78, 10.74, and 7.78 bar, respectively.  And of 
the 60 operating points in this matrix, fifteen were above this peak curve and, thus, were not 
considered when analyzing output.  From these simulations, the main variables of interest were 
the fuel rate (in units of kg/h), nitric oxide and nitrogen dioxide (NOX) emissions rate (in g/s), 
and hydrocarbons (HC) emissions rate (in g/s) as functions of engine speed (rpm) and torque 
(N·m).   
 After generating baseline engine maps, the effects of cylinder deactivation and valve 
timing were investigated using WAVE.  A description of the necessary changes follows.  For 
cylinder deactivation, four of the eight cylinders were deactivated, specifically every other 
cylinder in the firing order (i.e., cylinders 2, 3, 5, and 8 for a firing order of 1-2-4-3-6-5-7-8).  To 
deactivate the cylinders, the fuel injectors were removed, and the intake and exhaust valves were 
locked in the closed position (i.e., no air intake or exhaust occurs in a deactivated cylinder).  
Additionally, each of the bmep points on the original peak curve was multiplied by a factor of ½, 
since at a given speed an engine can generate only half the maximum torque with only half the 
number of cylinders in operation.  Hence, the corresponding bmep points of the new peak curve 
were 3.76, 4.67, 5.98, 5.89, 5.37, and 3.89 bar, respectively, for the same six increasing engine 
speeds.  These bmep points also constituted six of the ten points for the ten bmep subcases.  The 
other four bmep points were 0.10, 0.75, 1.41, and 2.06 bar.  Similar to the baseline simulations 
discussed above, maps of fuel, NOX, and HC rates were generated for each engine model. 
 In a separate set of experiments, the effects of adjusting the engines’ valve timings were 
studied.  The intent was to model the capture of a small fraction of the exhaust gas (e.g., between 
1.1% and 2.8% depending on the particular speed-load operating point) before it exited the 
cylinder, thereby diluting the air-fuel mixture, lowering combustion temperatures, and 
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decreasing NOX emissions.  In both the original 5.0- and 7.3-liter engine models, the exhaust 
valve closing (EVC) was set at 10o after top dead center (ATDC), and the intake valve opening 
(IVO) was set at 10o before top dead center (BTDC).  Thus, the valve lift profiles overlapped.  
To implement the new adjusted valve timing strategy, this overlap was negated, and the valve lift 
profiles were manipulated so that the EVC was 5 BTDC with IVO at 6 ATDC, or the EVC was 
9 BTDC with IVO at 10 ATDC—the specific combination of EVC/IVO depending on the 
simulation.  Again, maps of fuel, NOX, and HC rates were generated for each of these models. 
 Ultimately, the ADVISOR 2002 vehicle simulation software was employed to simulate 
vehicle performance over different drive cycles.  ADVISOR is a MATLAB/Simulink-based 
computer software that utilizes vehicle/engine input data and a series of equations to simulate 
vehicle performance and emissions.  At the heart of ADVISOR are “fuel converter files,” which 
are simply MATLAB m-files that possess all the information about the vehicle propulsion 
system (i.e., IC engine, fuel cell, battery, etc.).  This information includes the fuel, NOX, and HC 
maps.  Using the WAVE-generated engine maps, some of the “fuel converter files” were created 
for the 5.0- and 7.3-liter engines; in other words, vehicle simulations were performed using 
simulated engine data. ADVISOR also utilizes a number of other m-files, which contain 
information on the transmission, body, etc. for the vehicle of interest.  The standard vehicle 
chosen for this analysis was a 3268 kg Chevy Suburban with a manual 5-speed transmission.  
The drive cycles simulated were the US 06, Federal Test Procedure (FTP), Urban Dynamometer 
Driving Schedule (UDDS), and Highway Fuel Economy Test (HWFET).  Fuel economy (in units 
of miles per gallon, mpg) and emissions (g/mile) over these cycles were then compared for the 
different engine/vehicle combinations. 
 As a final validation of ADVISOR’s steady-state look-up, engine map approach, a 
transient time-speed run was simulated in WAVE.  First, ADVISOR was able to generate a 
series of engine speed and torque vs. time points for the same Chevy Suburban driving over the 
UDDS cycle.  Simply put, ADVISOR works by back-calculating the engine speed and torque 
that a vehicle with a certain weight, body, and transmission must produce to reach a particular 
velocity at a particular time.  Then, these discrete speed and torque values at successive time 
intervals were fed into WAVE to simulate an engine operating through this transient cycle.  
Finally, engine-out emissions and fuel consumption were integrated over the drive cycle and 
compared to those previously calculated by ADVISOR. 

  
RESULTS 

 
 The WAVE engine models can be validated by experiment, more specifically by taking 
the experimentally measured fuel and NOX rates as functions of engine speed and torque for the 
actual 7.3-liter turbocharged CIDI V-8 engine and comparing to the WAVE-generated engine 
maps for the same engine.  These maps are shown graphically in Figures 1-4.  Notice that the 
white areas at the top of Figures 1 and 2 indicate lack of data.  In each case, the fuel and NOX 
rates are highest at high loads (i.e., torques), though the fuel rate is more dependent on engine 
speed than is NOX. 
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Figure 1: Fuel flow rate (kg/h) for experimental 7.3L engine  Figure 2: NOX flow rate (g/s) for experimental 7.3L engine 

  
 

Figure 3: Fuel flow rate (kg/h) for 7.3L baseline simulation  Figure 4: NOX flow rate (g/s) for 7.3L baseline simulation 

 
 

The engine model approach can also be compared to the actual 7.3-liter engine using 
ADVISOR, where both the experimental and WAVE-generated engine maps were used to 
predict the performance and emissions of a 3268-kg Chevy Suburban over different drive cycles.  
Table 1 compares the results for the two different approaches. 
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Comparison of 7.3L Baseline Simulation  
and Experimental 7.3L Engine     

Relative Difference (%) Drive Cycle 

  = 100% * (Base Sim. - Real) / Real FTP US 06 HWFET UDDS 

Fuel Economy (mpg) -8.4% 4.6% -3.9% -9.2% 

NOx (g/mile) 134.3% 28.1% 43.3% 145.8% 
Table 1: Relative difference in ADVISOR output between 7.3L baseline simulation and experimental 7.3L engine 

 
As seen in Table 1, the baseline simulation underestimates fuel economy (i.e., overestimates fuel 
consumption) in three instances while overestimating in the fourth.  In contrast, the baseline 
simulation overestimates NOX emissions by as much as 145.8% on the UDDS cycle.  Hence, it is 
important to note that ADVISOR’s predictions are contingent on the specific drive cycle, since 
some drive cycles are more aggressive than others. 
 To evaluate the potential effectiveness of cylinder deactivation, ADVISOR was once 
again used.  In this study, a cylinder-deactivated engine is one in which only four of the total 
eight cylinders are in operation when the torque is below the half peak torque curve.  Therefore, 
modified engine maps were created that use a mixture of WAVE-generated points—these points 
being dependent on if the engine is operating above or below the half peak torque curve.  In 
other words, only four cylinders are used at low loads, while all eight cylinders are used at high 
loads. Table 2 compares the ADVISOR output for a Chevy Suburban using either the cylinder 
deactivated engine maps or the baseline simulation engine maps.  (Actually, it really only makes 
sense to compare simulated engine maps to the baseline simulation engine maps, and not the 
experimental engine maps, since WAVE’s inaccuracies will be present in both and, thus, cancel 
out). 
 
Comparison of 7.3L Baseline Simulation 
and 7.3L Simulated Engine with Cylinder Deactivation   

Relative Difference (%) Drive Cycle 

  = 100% * (Cyl. Deact. - Base Sim.) / Base Sim. FTP US 06 HWFET UDDS 

Fuel Economy (mpg) -10.5% -7.4% -10.6% -10.8% 

NOx (g/mile) 7.9% -1.6% 14.2% 10.0% 

HC (g/mile) -44.4% -32.2% -44.4% -44.9% 
Table 2: Relative difference in ADVISOR output between 7.3L baseline simulation and 7.3L simulated engine with cylinder deactivation 

 
As seen in Table 2, HC predictions for the cylinder-deactivated engine are lower than those for 
the baseline simulation in all drive cycles, as are those for fuel economy, while NOX is higher for 
three of the drive cycles and lower in the fourth.  The NOX observation is an important one, 
because it shows that multiple drive cycles should be simulated to attain an accurate 
representation of engine/vehicle performance, efficiency, and emissions.  If only the US 06 drive 
cycle was simulated, for example, one may conclude that the cylinder-deactivated engine 
actually reduces NOX—a conclusion that should not be made when considering the other drive 
cycles. 
 To evaluate the potential effectiveness of adjusted valve timing, ADVISOR was once 
again used.  Table 3 compares the ADVISOR output for a Chevy Suburban using either the 7.3-
liter baseline simulation engine maps or the 7.3-liter simulated engine maps where the EVC is at 
9o BTDC. 
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Comparison of 7.3L Baseline Simulation 
and 7.3L Simulated Engine with EVC 9° BTDC     

Relative Difference (%) Drive Cycle 

  = 100% * (EVC 9o - Base Sim.) / Base Sim. FTP US 06 HWFET UDDS 

Fuel Economy (mpg) -2.0% -2.2% -2.5% -1.4% 

NOx (g/mile) -12.8% -15.0% -15.6% -12.5% 

HC (g/mile) -5.8% -6.6% -6.9% -5.8% 
Table 3: Relative difference in ADVISOR output between 7.3L baseline simulation and 7.3L simulated engine with EVC at 9° BTDC 

 
As seen in Table 3, fuel economy, NOX, and HC all decrease when comparing the adjusted valve 
timing engine to the baseline simulation engine. 
 Engine downsizing is another operating strategy that was modeled with both WAVE and 
ADVISOR.  As previously mentioned, the 5.0-liter engine is simply a scaled down version of the 
7.3-liter engine and is equipped with external EGR.  No real version of this 5.0-liter engine 
actually exists, so WAVE-predicted engine-out emissions and performance cannot be validated 
by experiment.  Figures 5 and 6 graphically represent the WAVE-predicted fuel and NOX rates 
over the operating range of this simulated engine. 
 

Figure 5: Fuel flow rate (kg/h) for 5.0L simulated engine  Figure 6: NOX flow rate (g/s) for 5.0L simulated engine 

 
 
Although the torque and fuel and NOX rates are smaller for the 5.0-liter simulated engine, as 
compared to the 7.3-liter baseline simulation and the experimental 7.3-liter engine, the general 
trends are similar.  Table 4 compares the ADVISOR output for the Chevy Suburban using either 
the simulated 5.0-liter engine maps or the 7.3-liter baseline simulation engine maps. 
 
 
 
 
 
 
 

5.0L Base Simulation Fuel Flow Rate (kg/hr)

Speed (rpm)

1000 1500 2000 2500 3000

T
or

qu
e 

(N
.m

)

100

200

300

400

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 

Peak
Torque
Curve

Fuel Rate (kg/h)

5.0L Base Simulation NOx Flow Rate (g/s)

Speed (rpm)

1000 1500 2000 2500 3000

T
or

q
ue

 (
N

.m
)

100

200

300

400

0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.14 
0.16 
0.18 

Peak
Torque
Curve

NOx Rate (g/s)



 

 7  

Comparison of 7.3L Baseline Simulation 
and 5.0L Simulated Engine       

Relative Difference (%) Drive Cycle 

  = 100% * (5.0L - 7.3L) / 7.3L FTP US 06 HWFET UDDS 

Fuel Economy (mpg) 25.7% 16.2% 23.1% 26.4% 

NOx (g/mile) -29.9% -24.4% -27.3% -30.1% 

HC (g/mile) -66.4% -50.2% -64.6% -67.3% 
Table 4: Relative difference in ADVISOR output between 7.3L baseline simulation and 5.0L simulated engine 
 
As seen in Table 4, fuel economy improves by as much as 26.4%, while NOX and HC decrease 
by as much as 30.1% and 67.3%, respectively, when using the 5.0-liter engine in the Chevy 
Suburban.  Of course, one contributing factor is the vehicle weight, which is slightly less when 
using the smaller engine—3035 kg vs. 3268 kg.  Vehicle weight is automatically calculated by 
one of ADVISOR’s built-in formula, which assumes that weight is a function of maximum 
vehicle power output.  The 5.0-liter engine is smaller and, thus, less powerful than the 7.3-liter 
engine, so its calculated weight is slightly smaller.  With this said, the weight of the other vehicle 
components does not change for different engine sizes. 
 Furthermore, the effects of engine downsizing were coupled with the effects of adjusted 
valve timing.  Table 5 compares the ADVISOR output for a Chevy Suburban using either the 
5.0-liter simulated engine maps or the 5.0-liter simulated engine maps where the EVC is at 9o 
BTDC. 
 
Comparison of 5.0L Simulated Engine 
and 5.0L Simulated Engine with EVC 9o BTDC   

Relative Difference (%) Drive Cycle 

  = 100% * (EVC 9o - Base Sim.) / Base Sim. FTP US 06 HWFET UDDS 

Fuel Economy (mpg) -1.6% -2.5% -1.6% -1.6% 

NOx (g/mile) -8.9% -9.5% -9.8% -8.8% 

HC (g/mile) -4.0% -3.8% -4.5% -3.9% 
Table 5: Relative difference in ADVISOR output between 5.0L simulated engine and 5.0L simulated engine with EVC at 9° BTDC 

 
As seen in Table 5, fuel economy, NOX, and HC all decrease after adjusting the valve timing on 
the 5.0-liter engine.  To gain a broader perspective, Table 6 compares the ADVISOR output for a 
Chevy Suburban using either the 7.3-liter baseline simulated engine maps or the 5.0-liter 
simulated engine maps where the EVC is at 9o BTDC.  This comparison allows one to observe 
the effects of engine downsizing and both internal and external EGR. 
 
Comparison of 7.3L Baseline Simulation 
and 5.0L Simulated Engine with EVC 9o BTDC     

Relative Difference (%) Drive Cycle 

  = 100% * (5.0L - 7.3L) / 7.3L FTP US 06 HWFET UDDS 

Fuel Economy (mpg) 23.7% 13.2% 21.1% 24.3% 

NOx (g/mile) -36.1% -31.6% -34.5% -36.3% 

HC (g/mile) -67.8% -52.1% -66.1% -68.6% 
Table 6: Relative difference in ADVISOR output between 7.3L baseline simulation and 5.0L simulated engine with EVC at 9° BTDC 
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As seen in Table 6, fuel economy increases while NOX and HC decrease as a result of coupling 
engine downsizing and internal and external EGR. 
 Finally, WAVE’s ability to model transients was compared to ADVISOR’s steady-state 
look-up approach of modeling transients.  Figures 7 and 8 compare the speed and torque traces 
during a transient run in both WAVE and ADVISOR for the same Chevy Suburban using a 
simulated 7.3-liter baseline engine map over the first 500 seconds of the UDDS drive cycle.  In 
WAVE, the torque values were not allowed to drop below zero, even though negative torques 
can occur in reality, namely when a vehicle is decelerating, as evidenced by the ADVISOR trace. 
 

 Figure 7: Transient engine speed comparison between WAVE and ADVISOR 

 

 Figure 8: Transient torque comparison between WAVE and ADVISOR 
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Similarly, Figures 9, 10, 11, and 12 compare the fuel, NOX, and HC flow rates and the exhaust 
temperature for the same engine/vehicle combination over the condensed UDDS drive cycle.  
The two curves are very similar in most instances except for the NOX rate and exhaust 
temperature between 195 and 315 seconds. 
  
 

Figure 9: Transient fuel rate comparison between WAVE and ADVISOR 

  
  
 

Figure 10: Transient NOX rate comparison between WAVE and ADVISOR 
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 Figure 11: Transient HC rate comparison between WAVE and ADVISOR 

 
 

 Figure 12: Transient exhaust temperature comparison between WAVE and ADVISOR 
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warm.  This assumption was built into the original WAVE models to minimize simulation time, 
and it was carried over to ADVISOR. 

From Table 1, notice that ADVISOR’s NOX predictions when using the 7.3-liter baseline 
simulation engine maps are as much as 146% higher than those for the experimental 7.3-liter 
engine maps.  With this in mind, the NOX model should be re-calibrated if future research is 
going to be performed using these same engine models.  Similarly, the fuel economy predictions 
are also different when using either the baseline simulation or experimental engine maps, but the 
difference is minor compared to that for NOX.  Interestingly, even when using the experimental 
engine maps in the ADVISOR simulations, the standard Chevy Suburban emits 3.6 grams per 
mile (gpm) of NOX over the FTP cycle, which is far from meeting future emission standards.  
Thus, future improvements must be made to make this engine EPA-compliant.  In its defense, the 
particular 7.3-liter turbocharged CIDI V-8 engine studied in this project is an older engine that is 
not equipped with EGR or other emissions control technologies, which are now becoming more 
common.  Additionally, in the past the 7.3-liter has been used in larger vehicles and, thus, not 
been required to meet light duty standards, like it would need to if used in the standard Chevy 
Suburban.  Today’s engines are designed to meet more stringent emissions standards. 
 As far as fuel economy and emissions are concerned, it is more beneficial to compare the 
baseline simulation engine with other WAVE models that employ advanced engine operating 
strategies, for this is the optimal procedure for which to evaluate the potential effectiveness of 
these strategies without performing expensive, time-consuming experiments.  As seen in Tables 
3 and 5, adjusting the exhaust valve timing to 9° BTDC and trapping a small fraction of the 
residual exhaust has a considerable, positive effect of lower NOX accompanied by a relatively 
small sacrifice of lower fuel economy.  This common trade-off is expected of most emissions 
control technologies, and the fuel penalties simulated (< 2.5%) are similar to those one would 
find with other control strategies associated with CIDI engines.  Adjusting the valve timing, 
more specifically closing the exhaust valve earlier, is effectively a type of internal EGR.  It 
works by displacing some of the intake air with inert materials, thereby diluting the air-fuel 
mixture, absorbing thermal energy, and reducing peak combustion temperatures, which inhibits 
oxidation of nitrogen to NO and NO2 (i.e., NOX) [2].  Of course, lower combustion temperature 
results in lower efficiency, so the fuel economy of the engine/vehicle decreases.  On the same 
note, the simulations also show that HC emissions also decrease as a result of adjusting the valve 
timing, but HC are already so minimal in most CIDI engines that the benefit is not as dramatic. 
 Another engine operating strategy that was predicted to have similar benefits as adjusting 
the valve timing is cylinder deactivation.  The simulations, however, did not substantiate this 
hypothesis.  A variable displacement engine is an engine where half the cylinders are deactivated 
at light loads, when half the number of cylinders are capable of producing the same amount of 
work as the full number of cylinders by individually working harder than normal.  In traditional 
gasoline engines, cylinder deactivation improves fuel economy by reducing throttling losses [3].  
Yet, this benefit is not fully realized in diesel engines because they are not typically throttled.  In 
fact, the attempt at simulating cylinder deactivation in this project indicates that the fuel 
economy will be poorer and NOX emissions roughly the same, or even slightly higher, than for 
the standard engine operating on all eight cylinders—both adverse effects.  This unexpected 
phenomenon likely results from the behavior of the turbocharger, which is optimized within the 
WAVE model for 8-cylinder operation.  In short, the findings to date are inconclusive as to 
whether cylinder deactivation is a practical emissions control strategy for meeting future CIDI 
emissions standards.  But in any event, an improved model—ideally one with a better designed 
turbocharger—should be developed if future research on cylinder deactivation is to be performed 
using similar WAVE models. 
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 Engine downsizing was also an area of study in this modeling project.  The positive effect 
of using the 5.0-liter simulated engine compared to the 7.3-liter baseline simulation engine in the 
standard Chevy Suburban is evident in Table 4.  As observed, the fuel economy increases by as 
much as 26%, while NOX is reduced by as much as 30%.  Two reasons for this improvement are 
the 5.0-liter’s smaller size and external EGR.  Furthermore, if a smaller engine is used in 
conjunction with both internal and external EGR (i.e., engine downsizing and adjusted valve 
timing), as is the case with the 5.0-liter where the EVC is 9° BTDC, then NOX and HC 
reductions are even greater, while fuel economy is still very much improved (see Table 6).  This 
finding shows that combining different engine operating strategies and emissions control 
technologies can enhance emissions benefits with only minor sacrifices in fuel economy.  And of 
added importance is the fact that the 5.0-liter was still able to follow the same drive traces as the 
7.3-liter, even though it is a smaller engine. 
 Finally, WAVE’s transient simulation capabilities were compared to ADVISOR’s ability 
to model transients by its steady-state look-up (i.e., engine map) approach, and it was found that 
ADVISOR can satisfactorily and accurately model transients in most, but not all, circumstances.  
It is more beneficial to study transient operation rather than steady-state because real-world 
engines rarely run at steady-state during normal driving.  Therefore, it was important to verify if 
ADVISOR’s point-by-point engine map approach could accurately model emissions and fuel 
rates for transient vehicle operation, like that demanded by the UDDS drive cycle.  In WAVE, 
the two inputs for the transient simulations were time-rpm and time-bmep schedules—both 
easily attainable output from ADVISOR for a Chevy Suburban of a particular weight, body, and 
transmission attempting to meet specific velocities over discrete time intervals.  Effectively, 
WAVE was used to model an actual engine, since no experimentally measured time-rpm or time-
bmep schedules were readily available; and it was assumed that the WAVE transient simulation 
accurately predicted how a real engine would behave over a dynamic drive cycle.  As seen in 
Figures 7 and 8, the engine model was able to closely follow ADVISOR’s requested drive 
schedules, which represent the first 500 seconds of the UDDS.  (Notice in Figure 8 that torque 
was not permitted to drop below zero during the WAVE simulation even though in reality a 
negative torque can result for a decelerating vehicle.  The reason for this is that the engine model 
cannot handle negative bmep, or torque, inputs, so all negative torque points from ADVISOR 
were first set to zero before feeding them to the time-bmep schedule in WAVE.)  Since the 
engine speed and torque in both WAVE and ADVISOR are virtually the same at all time points, 
there is no doubt that the appropriate fuel, NOX, and HC rates were selected from the steady-state 
maps at each specific operating point.  Figures 9-12, however, show some differences between 
the predicted values of the WAVE transient and ADVISOR steady-state simulations.  In each of 
the plots, notice that the curves begin to separate at about t = 195 seconds—the same time that 
the engine is exerting the most torque of the entire drive cycle and also the time when the engine 
speed reaches a local maximum after acceleration from idle in less than ten seconds.  Obviously, 
the engine is working extremely hard during this short interval; hence, its behavior at each 
incremental speed-torque operating point does not resemble that of steady-state operation, which 
is one reason why the steady-state look-up approach is not entirely viable in this region.  The 
predicted fuel and HC rates of the WAVE and ADVISOR simulations re-synchronize again at 
about t = 200 seconds and continue to remain synchronous throughout the duration of the cycle.  
The NOX rate, however, does not re-synchronize until about 320 seconds, and during this interval 
ADVISOR consistently underestimates NOX.  From these findings, it is believed that differences 
in NOX predictions between transients and steady-state modeling of transients generally occur 
during periods of extreme engine operation and continue to persist sometime thereafter.  Perhaps, 
the exhaust temperature over the drive cycle can shed some light onto why these differences 
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occur.  As seen in Figure 12, the predicted exhaust temperatures of the WAVE and ADVISOR 
simulations are non-synchronous over the same time interval that the NOX predictions are non-
synchronous, but in contrast to the NOX case ADVISOR consistently overestimates the 
temperature.  Based on these observations, the exhaust appears to be cooler during extreme 
transients than at steady-state; but since the cylinder pressures are higher than normal, increased 
NOX formation continues to occur. 
 In summary, a well-designed engine model can accurately predict the performance and 
emissions of an actual engine.  The findings of this project show that engine downsizing and 
adjusted valve timing are two promising emissions control strategies for CIDI applications.  
Furthermore, ADVISOR’s steady-state look-up method is in general a valid approach for 
modeling transient engine/vehicle operation.  With regard to this project, if further work is to be 
done, the models should be improved, specifically the NOX models should be re-calibrated, and 
more experimental data should be collected on the aforementioned CIDI engines in both 
transient and steady-state modes of operation.  
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