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Introduction

• The purpose of this testing was to benchmark the 2015 BMW X5 35d vehicle for the 
U.S. Environmental Protection Agency in order to determine unique features of the  
powertrain aftertreatment technology associated with this vehicle.

• The 2015 BMW X5 35d is classified as a Tier 2 Bin 5 vehicle that encompasses a 
lean NOx trap, diesel particulate filter, and selective catalytic reduction in order to 
meet emission standards. The vehicle also uses engine start/stop technology in order 
to increase fuel efficiency and reduce emissions output.

• Vehicle and engine testing included:
− DPF regeneration interval testing.
− Engine mapping with emissions analysis.
− Course engine mapping urea injection event activeness.
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Vehicle specification BMW X5 35d
Model Year 2015

Engine Turbocharged intercooled 
DOHC 24-valve Inline 6

Engine Displacement 2993 cc

Curb Weight 5173 lbs

MPG 23/31 city/hwy

Transmission 8 speed automatic
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Engine Specification BMW X5 35d
Max Torque 560 Nm

Max Power 255 hp

Max Engine Speed 4400 rpm

Engine Volume 3.0 L

Cylinder Number 6

Compression ratio 16.5

Bore 84 mm

Stroke 90 mm

Connecting Rod Length 138 mm

FEV/BD
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Engine Aftertreatment BMW X5 35d
Lean NOx Trap volume 1.96 L

Diesel Particulate Filter volume 2.94 L

Selective Catalytic Reduction 
volume

4.58 L
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FEV Benchmarking
BMW X5d 35d: Break-In
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 A DPF regeneration 

occurred approximately 
every 600 miles 
dependent on driving 
conditions (i.e. highway 
or city).

 Five DPF regenerations 
occurred during the 
vehicle break-in.
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FEV Benchmarking
BMW X5d 35d: Break-In
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Comments
 The fuel economy was 

within the EPA 
estimated city/highway 
fuel economy of 23 mpg 
and 31 mpg, 
respectively.
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Setup: Vehicle Testing
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DPF SCRLNT
Setup

 NOx emissions were measured 
using a smart NOx sensor pre 
and post LNT/DPF catalyst as 
well as pre and post SCR 
catalyst.

 Engine parameters were 
measured of OBD using ETAS 
Inca. 

urea injector

Ethernet

USB

ES581

ES4
20

ES4
10

Temperature

Smart NOx/Ammonia Sensor 
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• DPF interval characterized by distance 
between the end and beginning of a regen 
event as well as the distance during a regen 
event.

• The FTP75 drive cycle was repeated 
continuously and the 10 minute soak was 
omitted.

Setup: Vehicle Testing
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FEV Benchmarking
BMW X5d 35d: DPF Regeneration Interval
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Comment

• The FTP75 cycle was 
driven continuously from 
DPF regeneration to the 
next in order to 
determine the 
regeneration interval. 

• The distance between 
regens for the X5d was 
approximately 168 miles.

• The X5d resulted in a 
regen interval factor of 
0.026.
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FEV Benchmarking
BMW X5d 35d: DPF Regeneration Interval
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• The LNT releases NOx 
stored during a 
regeneration and becomes 
inactive.

• NOx conversion efficiency 
is greatly impacted during 
DPF regeneration.

Comment

LNT SCR Total
14% 43% 56%

41% 87% 90%

Regen Event
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Engine Testing Setup
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Engine Specifications

Max Torque 560 Nm

Max Power 255 hp

Max Engine Speed 4400 rpm

Engine Volume 3.0 L

Cylinder Number 6

Compression ratio 16.5

Bore 84 mm

Stroke 90 mm

Connecting Rod 
Length

138 mm

FEV/BD

EGR Valve 

Inter‐Cooler

Expansion Tank
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Engine Aftertreatment Setup: Engine Mapping 
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Setup

 An emissions bench use to 
measure emissions across 
the LNT/DPF catalyst.

 Two separate FTIR’s were 
used to measure emissions 
across the SCR catalyst.

urea injector
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BMW X5d 35d: Engine Mapping
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Lambda [ - ] Comment
 Lambda values ranged from 

1.30 – 4 over then entire 
map.

 At full load the engine runs 
near rich lambda values of 
approximately 1 while at 
lower speeds and typically 
increase with speed.
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BMW X5d 35d: Engine Mapping
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Engine Out 
NOx [g/hr]

Comment
 Engine out NOx was 

relatively low from 1000 rpm 
to 2250 rpm and 25 Nm to 
200 Nm below approximately 
30 g/hr.

 Outside of this range the 
engine out NOx is much 
higher at 30 g/hr or more.

 The NOx emissions are more 
impacted by load than speed.
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Tailpipe 
NOx [g/hr]

Comment
 The tailpipe NOx was very 

low at, less than 10 g/hr from 
1000 rpm to 2250 rpm and 25 
Nm to 200 Nm.
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Comment
 The total aftertreatment NOx 

conversion efficiency 
(including lean NOx trap and 
SCR system) was most 
efficient from 1000 rpm to 
2250 rpm and 25 Nm to 200 
Nm.

 With efficiencies reaching to 
as  high as 100% at 1500 
rpm.

 At high load and speed areas 
on the map the ATS efficiency 
was lower than 20% for most 
area’s within the 2500 rpm to 
4400 rpm and 250 Nm to 570 
Nm.
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SCR Space 
Velocity [1/hr]

Comment
 The SCR space velocity was 

lowest from 1000 rpm to 2250 
rpm and 25 Nm to 200 Nm.

 The space velocity value 
increased substantially at full 
load and peak power at 4000 
rpm
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Engine Out 
CO [g/hr]

Comment
 Engine out CO was highest at 

3000 rpm to 4000 rpm.

 The engine out CO emissions 
were much higher at  full load 
on the lower speeds 
(1000rpm to 1750 rpm) on the 
engine map.
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Tailpipe CO [g/hr] Comment
 The tailpipe CO is much 

lower, less than 1 g/hr, for the 
entire engine map.
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14.26 45.2712.58 22.96 10.037.87 12.00 12.89 10.6015.37 19.05 27.174.95 12.324.68

3.78 6.17 11.329.58 9.573.63

9.321.89 5.15 12.048.33 15.5316.14 8.5010.91 18.832.49 10.289.37 8.748.94

7.607.595.260.86 5.642.08

5.95 10.490.36 4.47 14.842.16 8.043.65 7.7313.3715.3510.61 8.428.286.30

0.17 3.252.65 4.632.46 5.69

4.212.85 5.74 12.660.14 8.5712.892.19 11.607.08 9.31 9.159.052.36 8.06

2.501.63 0.44 4.132.70 5.66
3.252.43 3.99 10.328.96 8.72 1.957.23 11.612.74 11.2210.925.67 7.542.620.21

0.08 3.77 5.722.99 2.83
0.820.28 11.26 11.09 13.622.66 8.336.94 7.083.42 5.80 7.783.96 8.77

21.164.773.402.82 5.610.00
0.00 3.493.06 9.37 8.967.945.264.57 9.559.236.38 6.84

6.900.00 4.993.523.46 4.950.00
5.36 6.423.44 7.627.588.20 7.986.065.484.24

8.74
6.576.915.563.95

7.342.56 7.20 6.847.206.87 7.367.875.53
8.731.46 4.97 7.167.47

6.663.67 6.88 7.47 7.306.67
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Engine Out
THC [g/hr]

Comment
 The engine out THC 

emissions were highest at the 
low load high speed range on 
the map from 3000 rpm to 
4000 rpm and 50 Nm to 200 
Nm. 

 THC mass flow was 
calculated assuming all 
exhaust THC species were 
propane.
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0.341.25 1.010.39 1.83

0.66 1.130.800.350.47 0.77 1.93 4.090.29 1.154.934.681.06

0.510.37 0.780.650.43 0.50

0.58 1.670.51 1.54 0.510.28 0.55 0.67 0.640.45 0.80 0.840.22 0.410.37
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0.340.26 0.15 0.190.51 0.700.27 0.380.12 1.150.08 0.310.20 0.510.52
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0.050.30 0.33 0.880.24 0.480.000.17 0.260.00 0.00 0.560.000.10 0.26

0.110.24 0.30 0.030.30 0.32
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Tailpipe 
THC [g/hr]

Comment
 Tailpipe THC emissions were 

low at most points on the 
engine map excluding the low 
load high speed range on the 
map from 3250 rpm to 4000 
rpm and 50 Nm to 100 Nm. 

 THC mass flow was 
calculated assuming all 
exhaust THC species were 
propane.
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929368 413351 434
531
318 697309289287 319 334 358268 412342 400365327

274258 271257250 271

253 292248 273 302243 257 247 297252 262 281244 254245

244 237 247251 234242

242246 236 228228 242236 269231 247241 257224 265248

223235239239 242237

220 220234 236 234232 250233 253229224219 242215224

231 226229 226228 216

223223 214 227225 244219235 223211 214 240214228 233

224257 221 220219 211
275271 217 237210 211 242206 215218 223219208 228217219

219 212 206217 214
242221 213 221 237214 209203 217211 205 228209 206

237207210214 204224
232 210212 212204 208205207 222216203 228

229235 206210210 207247
207 212209 222207204 216202204209

223
202203203211

220217 204 215201202 208204206
216229 208 204205

205213 205 208 211208

180
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920

BSFC [g/kWh] Comment
 The BSFC began to decrease 

in as there were increases in 
load.

 The engine operating area 
consisted of BSFC values of 
approximately 240 g/kWh or 
higher.
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2.383.92 3.39 1.220.97 1.201.27 0.011.22 1.223.89 1.430.88 0.003.63
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0.78 0.822.84 3.09 1.101.83 -0.002.65 0.011.161.050.87 -0.000.551.53
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0.011.46 0.490.780.26 0.783.11
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Engine Out 
Smoke [FSN]

Comment
 Engine out smoke emissions 

were highest from 1000 rpm 
to 2250 rpm and 25 Nm to 
200 Nm. 

 This correlates well with the 
low NOx emissions within the 
same area.
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9197 919192 91

91 9492 91 9397 92 92 9392 92 9294 9193

94 99 9394 9395
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93959396 9596

94 9496 95 9597 9397 95949495 969495
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100 98 9798 99
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97999998 98100
104 10098 97 98999899 969898 98
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100 99101 999799 999899103
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99100101104

100104 101 10199100 98100101
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Coolant Out 
Temp. [ºC]

Comment
 The coolant out temperature 

was in the range of 90ºC and 
100ºC throughout the entire 
engine map.

 Increases in load led to 
increases to coolant out 
temperatures.
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750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500

201156 177147 172
261
221 280229226220 237 200 205205 267199 256218205

286261 239278265 270

272 325269 289 353293 336 278 342318 280 313310 270321

370 334 368380 313353

400412 381 334343 355347 421334 362391 387326 411426

373424454435 455409

390 375450 461 415425 463469 468412395385 440373422

473 437500 424436 407

437452 414 456459 500443477 454410 432 499419519 471

517533 457 447452 416
544550 458 520434 459 532422 468512 484470428 493468457

466 465 440521 469
610485 468 496 568507 474443 480471 453 520471 456

604478478515 469521
559 490519 485 508493497499 547521488 595

628585 521505517 517628
524 547517 616522512 572514521519

636
504503499546

649588 529 615527525 569555536
649676 569 561565

586612 584 610 634599
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650

Upstream 
LNT Temp. [ºC] 

Comment
 Exhaust gas temperature at 

the engine out positions were 
load dependent.

 The LNT temperature ranged 
from 150ºC to 450ºC from low 
load to 200 Nm.
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1.000.98 1.010.98 1.05
1.03
1.04 1.291.021.010.98 1.07 1.11 1.130.98 1.271.10 1.261.171.07

1.031.02 1.070.990.99 1.05

1.16 1.311.10 1.20 1.361.03 1.05 1.08 1.341.07 1.16 1.290.99 1.120.99

1.00 1.04 1.091.07 1.101.00

1.101.01 1.05 1.201.11 1.241.19 1.441.15 1.291.00 1.361.13 1.401.09

1.131.121.071.01 1.111.00

1.14 1.251.02 1.13 1.321.01 1.461.08 1.511.281.241.19 1.391.171.14

1.02 1.071.04 1.151.02 1.16

1.161.08 1.17 1.371.02 1.591.271.05 1.331.20 1.22 1.521.301.05 1.44

1.061.09 1.02 1.171.09 1.17
1.111.13 1.18 1.621.35 1.26 1.671.23 1.311.06 1.431.401.17 1.501.101.03

1.04 1.17 1.181.07 1.10
1.751.05 1.38 1.51 1.711.07 1.311.24 1.451.11 1.18 1.601.16 1.33

1.751.161.111.08 1.181.07
1.08 1.121.09 1.421.32 1.361.201.17 1.581.491.25 1.67

1.701.12 1.201.131.09 1.181.19
1.17 1.461.14 1.631.391.34 1.541.271.221.10

1.66
1.241.191.151.11

1.591.13 1.20 1.511.301.25 1.431.361.16
1.561.16 1.17 1.261.22

1.281.19 1.33 1.40 1.481.23

0.97
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Upstream LNT 
Pressure [bar]

Comment
 Exhaust gas pressure at the 

engine out positions were 
more speed dependent.
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223158 180150 185
210
228 277229238234 274 204 213229 265205 264225212

285267 249293295 273

275 329274 293 351297 334 284 339318 284 316303 273304

349 334 362376 314331

395387 378 338344 358350 420338 364366 387328 410418

374419434410 450384

391 380427 457 419403 464450 470413398391 442376422

452 433498 426418 408

438446 416 461447 504447482 457412 435 502424520 475

522592 448 449455 420
604607 461 525439 461 537426 472521 490475431 499470454

460 468 441536 473
617480 473 502 576522 477446 487479 455 528470 459

611478484532 471535
575 497535 486 514499498498 555528488 603

635611 520514530 519675
524 554524 622530517 579513522530
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502504500557
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652708 569 556561
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LNT Temp. [ºC] 

Comment
 Exhaust gas temperature at 

the engine out positions were 
load dependent.
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750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500

257180 178178 216
207
234 279203254247 276 202 213249 267205 269226216

273256 255292296 262

269 329271 293 352276 317 276 340307 282 316307 270294

336 312 344354 304320

376370 353 330334 355346 415334 361349 383320 409393

361403427397 428371

381 372410 437 412392 460437 464406393385 435368408

433 420483 413410 397

422427 407 455428 496438497 449404 427 494415496 466

502565 429 435439 411
558561 446 515432 453 527418 461502 481467423 491451433

441 456 432516 457
606461 464 491 565504 467438 478465 445 519461 453

599469467514 458514
552 481517 477 504487485485 546518479 589

621595 506498515 505650
508 542507 608519505 567502508518

631
491492486541
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Temperature [ºC] 

Comment
 Exhaust gas temperature at 

the engine out positions were 
load dependent.
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246165 165161 211
201
225 270182237221 255 193 206217 259198 259217212

251236 245251250 243

255 316260 281 339252 291 263 327284 272 303268 259261

300 286 319324 287283

350332 323 314315 340332 400321 348310 369304 394361

341377388359 398331

361 355373 410 397353 444406 447390378371 418350385

395 395452 391374 377

400402 387 438392 477421459 431386 410 475396463 448

471516 395 412414 391
500511 424 496414 435 508400 444472 463449403 472426400

409 434 413485 433
583429 447 472 543476 449420 461440 426 500439 435

576448443486 439479
515 457491 458 485469464464 526499459 566

597559 485474489 482607
486 522483 586501486 547483488493

607
473473465514

618555 493 581496490 546525494
616645 523 521523

544565 549 577 603554
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SCR Temp. [ºC] 

Comment
 Exhaust gas temperature at 

the engine out positions were 
load dependent.

 The SCR temperature ranged 
from 150ºC to 450ºC from low 
load to 200 Nm.
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282173 162176 240
241
250 272154242221 213 192 207213 260200 257217226

241226 251216220 233

249 314258 278 341230 280 257 327274 271 302257 259246

285 262 307307 282274

336313 299 310310 338331 400320 347296 367300 394340

334367359344 384320

356 351355 397 397346 444392 449387376371 416346376

377 385436 382374 371

392390 381 438376 479420477 428382 408 475392443 447

455501 382 403405 385
464488 417 497411 434 512397 443457 463447399 473416387

397 428 408469 426
587417 447 473 545463 447417 462432 421 502434 433

578442436472 435464
500 450478 455 486468459457 530500456 567

598546 479466477 473582
480 523475 587501484 549479483482
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469469459498
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Comment
 Exhaust gas temperature at 

the engine out positions were 
load dependent.
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25.090.00 9.82 29.0230.04 37.05
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EGR Valve 
Position [%]

Comment
 The EGR valve was very 

active between 1000 rpm and 
2500 rpm.

 At engine speeds higher than 
2500 rpm the valve position 
did not open more than 30%.
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57
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35
37383737

3837 38 383737 343838
3939 38 3838

3738 37 38 3738

29

37

38

40

42

44

46

51

59

74

Intake 
Air Temp. [ºC] 

Comment
 Intake air temperature 

decreases with speed and 
was higher in the range  of 
1000 rpm to 2250 rpm and 25 
Nm to 300 Nm due to the 
higher EGR percentages in 
this area of the map.
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Pressure exhaust 
manifold [bar]

Comment
 Exhaust gas temperature at 

the engine out position (pre-
turbo) were load dependent.
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Exhaust Manifold 
Temperature [ºC] 

Comment
 Exhaust gas temperature at 

the engine out positions were 
load dependent.
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DP_DPF [mbar] Comment
 The change in pressure , Δp, 

across the DPF increased 
with speed and load.

 With the maximum Δp 
achieved at the point of 
highest power out on the 
engine map (full load 4000 
rpm).

FEV/BD



Contract No. EP-C-12-014, Work Assignment 3-11
January 29, 2016FEV Benchmarking

BMW X5d 35d: Engine Mapping

41

To
rq

ue
 [N

m
]

0

50

100

150

200

250

300

350

400

450

500

550

600

Engine Speed [rpm]
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500

0.310.19 0.410.12 0.82
0.37
0.63 0.880.500.390.21 0.87 1.01 1.040.12 0.941.04 0.920.980.94

0.520.42 0.870.240.14 0.59

0.78 0.930.80 0.88 1.010.39 0.51 0.76 0.960.56 0.84 0.920.16 0.810.25

0.28 0.40 0.630.56 0.720.17

0.710.31 0.43 0.800.74 0.910.83 1.190.79 0.980.22 1.030.77 1.090.58

0.750.730.480.40 0.620.26

0.82 0.960.46 0.75 1.090.32 1.280.55 1.460.990.940.90 1.200.850.77

0.48 0.890.63 1.060.38 0.89

1.211.02 1.00 1.250.67 1.801.040.50 1.150.97 0.99 1.521.070.69 1.44

0.790.69 0.77 1.261.12 1.16
0.900.91 1.25 1.971.27 1.15 2.181.18 1.240.85 1.521.441.17 1.731.160.91

0.94 1.25 1.200.86 1.21
2.191.02 1.57 1.94 2.301.07 1.351.29 1.771.23 1.22 2.191.21 1.37

2.321.241.261.10 1.261.05
1.10 1.301.15 1.681.42 1.541.251.24 2.121.901.32 2.24

2.251.24 1.281.341.22 1.271.28
1.31 1.791.34 2.141.651.52 2.001.401.341.27

2.14
1.411.331.261.22

1.901.17 1.31 1.771.471.39 1.701.551.22
1.751.09 1.17 1.341.25

1.311.12 1.44 1.54 1.681.22

0.511

0.811

0.982

1.17

1.27

1.53

DP_Turbo [bar] Comment
 The change in pressure , Δp, 

across the turbo increased 
with speed and load.

 With the maximum Δp 
achieved at the point of 
highest power out on the 
engine map (full load 4000 
rpm).

FEV/BD



Contract No. EP-C-12-014, Work Assignment 3-11
January 29, 2016FEV Benchmarking

BMW X5d 35d: Engine Mapping

42

To
rq

ue
 [N

m
]

0

50

100

150

200

250

300

350

400

450

500

550

600

Engine Speed [rpm]
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500

9594 9495 89
79
91 44949594 88 80 7195 5075 556582

9293 869495 87

68 4874 55 4088 89 81 4284 59 5392 6392

90 86 8487 7889

8388 84 6377 4953 3857 4689 4469 3984

75818588 8388

74 6387 84 4287 3884 38454954 406679

85 8582 8388 73

8485 73 4289 414890 4464 52 396081 41

8293 89 8386 75
9595 80 4259 51 4464 4782 424572 428490

89 78 7080 84
3989 46 44 4383 4961 4582 67 4475 55

41748181 6687
87 8080 51 45476572 424458 40

3888 647980 7187
70 4377 384650 41576279

37
60657177

3574 63 385358 434769
3670 66 5560

5364 48 43 3858

35

42

45

50

57

65

74

82

86

95

Actual VGT 
Position [%] Comment

 VGT position changed 
inversely with the change in 
the pressure drop across the 
turbo.

 The VGT position decreases 
with increase in speed and 
load on the engine map.

 In the engine operating area 
the VGT position is 
approximately 80% or 
greater.
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560

Torque [Nm] Comment
 The engine is rated to 

produce 560 Nm of torque at 
full load. At full load during 
testing the engine was 
capable of reaching 570 Nm 
on average. 
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Power [bhp] Comment
 The engine is rated to 

produce 255 bhp of torque at 
full load. The engine was 
capable of reaching peak 
power from 3500 rpm to 4000 
rpm. 
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BMEP [bar] Comment
 The engine produced peak 

BMEP of approximately 22 
bar in the full range of the 
engine map. 
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Lambda [ - ] Comment
 Lambda values ranged from 

1.30 – 4 over then entire 
map.

 At full load the engine runs 
near rich lambda values of 
approximately 1 while at 
lower speeds and typically 
increase with speed.
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Engine Out 
NOx [g/hr]

Comment
 Engine out NOx was 

relatively low from 1000 rpm 
to 2250 rpm and 25 Nm to 
200 Nm on the map below 
approximately 20 g/hr.

 Outside of this range the 
engine out NOx is much 
higher at 20 g/hr or more.

 The NOx emissions are more 
impacted by load than speed.
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LNT/DPF Out 
NOx [g/hr]

Comment
 The engine out NOx was 

slightly reduced across the 
LNT catalyst. With some 
reduction up to 3 g/hr.
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Tailpipe 
NOx [g/hr]

Comment
 The tailpipe NOx was 

significantly lower compared 
to engine out, less than 1 g/hr
from 1000 rpm to 2250 rpm 
and 25 Nm to 200 Nm.
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LNT NOx Conv 
Efficiency [%]

Comment
 The LNT/DPF NOx 

conversion efficiency was 
most efficient from 1000 rpm 
to 2250 rpm and 25 Nm to 
200 Nm.

 With NOx conversion 
efficiencies reaching to as  
high as 71% at 1250 rpm.

 At high load and speed areas 
on the map the LNT/DPF 
NOx conversion efficiency 
was lower than 20% for most 
area’s within the 2500 rpm to 
4400 rpm and 250 Nm to 570 
Nm.
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SCR NOx Conv. 
Efficiency [%]

Comment
 The SCR NOx conversion 

efficiency was most efficient 
from 1000 rpm to 2250 rpm 
and 25 Nm to 200 Nm.

 With efficiencies reaching to 
as  high as 100%.

 High load and speed areas on 
the map the ATS efficiency 
was lower than 20% for most 
area’s within the 2500 rpm to 
4400 rpm and 250 Nm to 570 
Nm.
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Total NOx Conv. 
Efficiency [%]

Comment
 The total NOx conversion 

efficiency was most efficient 
from 1000 rpm to 2250 rpm 
and 25 Nm to 200 Nm

 With efficiencies reaching to 
as  high as 100%

 High load and speed areas on 
the map the ATS efficiency 
was lower than 20% for most 
area’s within the 2500 rpm to 
4400 rpm and 250 Nm to 570 
Nm
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SCR Space 
Velocity 

[1/hr]

Comment
 The SCR space velocity was 

lowest from 1000 rpm to 2250 
rpm and 25 Nm to 200 Nm.

 The space velocity value 
increased substantially at full 
load and peak power at 4000 
rpm.
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Engine Out
CO [g/hr]

Comment
 Engine out CO was much 

higher at the high engine 
speed, low load range.

 The increase in engine speed 
significantly impacts the 
engine out CO emissions as 
they increase from 2000 rpm 
to 4400 rpm.
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DPF Out 
CO [g/hr]

Comment
 The tailpipe CO is much 

lower, less than 2 ppm, for 
most areas on the engine 
map.

 The highest CO emission 
measured was at full load at 
1000 rpm.

 This point however is very 
unlikely to be ran under 
normal vehicle operating 
conditions due to the 
automatic transmission.
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Comment
 The highest THC emissions 

were from 1000 rpm to 2250 
rpm and 25 Nm to 200 Nm 
and were typically lower at 
low loads on the engine map.

 THC mass flow was 
calculated assuming all 
exhaust THC species were 
propane.
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Comment
 The tailpipe THC was less 

than 6 g/hr for most points on 
the engine map, with the 
exception of a few outliers.

 THC mass flow was 
calculated assuming all 
exhaust THC species were 
propane
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BSFC [g/kWh] Comment
 The BSFC began to decrease 

in as there were increases in 
load.

 The engine operating area 
consisted of BSFC values of 
approximately 240 g/kWh or 
higher.

FEV/BD



Contract No. EP-C-12-014, Work Assignment 3-11
January 29, 2016

To
rq

ue
 [N

m
]

0

50

100

150

200

250

300

350

400

450

500

550

600

Engine Speed [rpm]
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500

7 599 51 7135

1623 6357 01627 000 08298 018

119 78 85 39186 77

8769 22 00 068 25 0035 2781 088

167 2990 84 79154

214 028 01885206241 021 0 025 0646
572121172 89 63 29

9 069 48 054 191 0 013 17 0 02396

3616868 4212 21

08103 012 0 0 016 012 5424 41 19

56 290 39 1481

268 05 00 04 36 0 0 0728 820

283 61633

04 329 021 014 0 0 002

412 11 083
4 03 0 0008 9 10135

16 01211162

8 5 0 01 003 0378 0

1 12 1

2 27 1 0 0 02 0
63 04818

00 -0 0

-0.037

0.25

0.4

0.71

0.98

1.3

1.9

3.3

5.7

28

FEV Benchmarking
BMW X5d 35d: Engine Mapping

59

Soot 
concentration 

[mg/m³]

Comment
 The engine out soot was high 

in the from 1000 rpm to 2250 
rpm and 25 Nm to 200 Nm 
with values higher than 60 
mg/m3.

FEV/BD



Contract No. EP-C-12-014, Work Assignment 3-11
January 29, 2016

To
rq

ue
 [N

m
]

0

50

100

150

200

250

300

350

400

450

500

550

600

Engine Speed [rpm]
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500

0.50 2.150.58 1.97 0.503.23

0.911.20 2.212.10 0.00 0.001.33 0.010.000.00 0.002.552.78 0.010.99

3.05 2.48 2.59 1.693.71 2.47

2.622.33 1.17 0.000.000.00 0.002.32 0.000.011.57 1.332.53 0.002.64

3.55 1.402.67 2.58 2.503.43

3.93 0.001.37 0.001.012.603.874.12 0.001.13 0.010.00 0.000.005.81
5.593.083.59 2.66 2.22 1.41

0.59 0.002.33 1.90 0.002.03 3.75 0.000.00 0.010.77 0.00 0.011.182.75

1.593.562.32 1.750.72 1.12

0.000.512.85 0.000.72 0.00 0.00 0.000.010.74 0.002.041.22 1.73 1.03

2.08 1.390.00 1.67 0.822.53

4.29 0.00 0.010.34 0.000.00 0.000.28 1.60 0.00 0.000.491.38 0.561.08

1.350.25 0.410.921.53

0.010.29 0.240.180.591.11 0.00 0.000.84 0.00 0.00 0.000.010.19

0.300.72 0.70 0.010.550.21
0.26 0.000.24 0.00 0.000.010.000.53 0.59 0.620.810.36

0.91 0.000.740.680.910.19

0.53 0.33 0.000.11 0.000.010.20 0.010.010.222.48 0.01

0.09 0.110.14 0.09

0.15 0.140.47 0.10 0.01 0.00 0.000.13 0.00
2.21 0.010.280.560.99 0.01

0.01 -0.00 0.02

-0.037

0.25

0.4

0.71

0.98

1.3

1.9

3.3

5.7

28

FEV Benchmarking
BMW X5d 35d: Engine Mapping

60

Smoke 
Number [FSN]

Comment
 The engine out smoke was 

high in the engine operating 
range.

 Most of the smoke numbers 
recorded were higher than 2 
FSN.
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EGR Valve 
Position [%]

Comment
 The EGR valve was position 

was most open in the engine 
operating area.

 Beyond 2500 rpm the EGR 
valve position was 25% or 
lower.
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Coolant Out 
Temp. [ºC] 

Comment
 The coolant out temperature 

was in the range of 90ºC and 
100ºC throughout the entire 
engine map.

 Increases in load led to 
increases to coolant out 
temperatures.
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Upstream LNT 
Temp. [ºC]

Comment
 Exhaust gas temperature at 

the engine out positions were 
more speed dependent.
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Comment
 Exhaust gas pressure at the 

engine out positions were 
more speed dependent.

Upstream LNT 
Pressure [bar]
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Downstream 
LNT Temp. [ºC] 

Comment
 Exhaust gas temperature at 

the engine out positions were 
load dependent.
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Downstream
DPF Temp. [ºC] 

Comment
 Exhaust gas temperature at 

the engine out positions were 
load dependent.
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Upstream 
SCR Temp. [ºC] 

Comment
 Exhaust gas temperature at 

the engine out positions were 
load dependent.
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Downstream 
SCR Temp. [ºC] 

Comment
 Exhaust gas temperature at 

the engine out positions were 
load dependent.
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Intake 
Air Temp. [ºC] Comment

 Intake air temperature 
decreases with speed and 
was higher from 1000 rpm to 
2250 rpm and 25 Nm to 200 
Nm due to the higher EGR 
percentages in this area of 
the map.

FEV/BD
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Comment
 Intake air pressure increases 

with speed and load.
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Torque [Nm] Comment
 The engine is rated to 

produce 560 Nm of torque at 
full load. At full load during 
testing the engine was 
capable of reaching 570 Nm 
on average. 
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Power [bhp] Comment
 The engine is rated to 

produce 255 bhp of torque at 
full load. The engine was 
capable of reaching peak 
power from 3500 rpm to 4000 
rpm. 
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FMEP [bar] Comment
 The FMEP began to 

decrease as there were 
increases in speed.

 The highest FMEP values of 
were within the 1000 rpm to 
2250 rpm speed range 
approximately around -1 bar.
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BMEP [bar] Comment
 The engine produced peak 

BMEP of approximately 22 
bar in the full range of the 
engine map. 
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IMEP [bar] Comment
 The engine produced peak 

BMEP of approximately 25 
bar in the full range of the 
engine map. 
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Rail Pressure [bar] Comment
 The fuel rail pressure is in the 

range of 300 – 600 bar.

 The fuel rail pressure 
increases proportionately to 
the increase in power on the 
engine map.  
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Fuel Inj.
Timing [degCA] 

Comment
 The engine fuel injection 

timing was delayed with 
increase in speed. 
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Lambda [ - ] Comment
 Lambda values ranged from 

1.30 – 4 over the entire map

 At 200 Nm the engine runs at 
lambda values of 
approximately 1.5. While at 
lower loads lambda values 
reaches 5.
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Comment
 EGR percentages were 

highest at from 1500 rpm and 
1750 rpm at low loads 
approximately 40%.

 On higher speed and load  
points the EGR percentage 
decreased to 20%.

EGR 
Percentage [%]
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EGR Valve 
Position [%] Comment

 EGR valve position  was 
more open at lower load and 
speed points on the map from 
1500 rpm and 1750 rpm at 
low loads approximately 40%.
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Engine Out 
NOx [g/hr]

Comment
 Engine out NOx was 

relatively low from 1500 rpm 
to 2000 rpm and 25 Nm to 
150 Nm on the map below 
approximately 25 g/hr.

 Outside of this range the 
engine out NOx is much 
higher at 25 g/hr. or more

 The NOx emissions are more 
impacted by load than speed.
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LNT/DPF 
NOx [g/hr]

Comment
 The engine out NOx was 

slightly reduced across the 
LNT catalyst. With some 
reduction up to 3 g/hr.
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Tailpipe 
NOx [g/hr]

Comment
 The tailpipe NOx was 

significantly lower compared 
to engine out, less than 2 g/hr
for most areas on the engine 
map.
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LNT NOx
Conv Efficiency [%]

Comment
 The LNT/DPF NOx 

conversion efficiency was 
most efficient from 1500 rpm 
to 2000 rpm and 50 Nm to 
150 Nm

 With NOx conversion 
efficiencies reaching up to 
33% at 1750 rpm.
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SCR NOx
Conv Efficiency [%]

Comment
 The SCR NOx conversion 

efficiency was consistent 
across the entire map 
excluding one point at 1750 
rpm and 165 Nm

 With efficiencies reaching to 
as  high as 100%
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SCR Space 
Velocity [1/hr]

Comment
 The SCR space velocity was 

lowest from 1500 rpm to 1750 
rpm and 25 Nm to 125 Nm

 The space velocity value 
increased with increases in 
load.
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Engine Out
CO [g/hr]

Comment
 Engine out CO was much 

higher at 1750 rpm and 2000 
rpm opposed to the other 
points on the map.
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Comment
 The tailpipe CO is much 

lower, less than 2 g/hr, for 
most areas on the engine 
map

FEV/BD



Contract No. EP-C-12-014, Work Assignment 3-11
January 29, 2016

To
rq

ue
 [N

m
]

0

50

100

150

200

250

300

350

400

450

500

550

600

Engine Speed [rpm]
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500

36.07 18.8323.10 17.04 21.16

18.9521.66 11.3919.04

10.9116.5914.9717.10

15.6714.69 7.8111.06

9.87 10.84 6.016.81

7.715.23 5.596.35

5.40 5.945.425.13

5.1

6

7.1

9.1

11

13

15

17

18

27

FEV Benchmarking
BMW X5d 35d: EGR Mapping

90

Engine Out
THC [g/hr]

Comment
 The highest THC emissions 

were from 1000 rpm to 2250 
rpm and 25 Nm to 200 Nm
and were typically lower at 
low loads on the engine map.

 THC mass flow was 
calculated assuming all 
exhaust THC species were 
propane.
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Comment
 The tailpipe THC was less 

than 1 g/hr throughout the 
entire engine map.

 THC mass flow was 
calculated assuming all 
exhaust THC species were 
propane.
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Comment
 The BSFC began to decrease 

in as there were increases in 
load.

 Higher BSFC values were 
measured at low loads with 
values higher than 300 
g/kWh.
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Smoke  
[FSN]

Comment
 The engine out smoke was 

highest at 1750 rpm and 25 
Nm to 165 Nm with FSN 
values higher than 3.
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Fuel Rail 
Pressure  [bar]

Comment
 The fuel rail pressure is in the 

range of 300 – 800 bar

 The fuel rail pressure 
increases proportionately to 
the increase in power on the 
engine map 

FEV/BD



Contract No. EP-C-12-014, Work Assignment 3-11
January 29, 2016FEV Benchmarking

BMW X5d 35d: EGR Mapping

95

To
rq

ue
 [N

m
]

0

50

100

150

200

250

300

350

400

450

500

550

600

Engine Speed [rpm]
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500

-3 3-2 -2 2

-2 82-2

72-3-1

2-3 6-2

-3 -1 5-0

-3-0 41

-1 41-3

-3.1

-2.8

-2.5

-2.1

-1.6

-0.63

1

2.5

3.8

7.6

Fuel Injection 
Timing [bar]

Comment
 The engine fuel injection 

timing was delayed with 
increase in speed 
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Lambda [ - ] Comment
 Lambda values were 1.2 – 3 

with leaner values, 
approximately 3, at low loads.
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Engine Out 
NOx [g/hr]

Comment
 Engine out NOx was 

relatively low between 1500 
rpm and 2000 rpm and 100 
Nm to 200 Nm below 
approximately 55 g/hr.

 Outside of this range the 
engine out NOx is much 
higher.

 The NOx emissions are more 
impacted by load than speed.

*calculated from E-bench
FEV/BD
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DPF Out 
NOx [g/hr]

Comment
 DPF out NOx was relatively 

low between 1500 rpm and 
2000 rpm and 100 Nm to 200 
Nm.

 The NOx emissions are more 
impacted by load than speed.

*calculated from on board NOx sensor  
FEV/BD



Contract No. EP-C-12-014, Work Assignment 3-11
January 29, 2016

To
rq

ue
 [N

m
]

0

50

100

150

200

250

300

350

400

450

500

550

600

Engine Speed [rpm]
750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500

0 404 68 16929

36714 23061 1487

61 30658 198 472

248 720439176 1080

1102810

4.1

21

61

110

160

230

330

490

730

1000

FEV Benchmarking
BMW X5d 35d: Urea Coarse Engine Map

100

Tailpipe 
NOx [g/hr]

Comment
 The tailpipe NOx was 

significantly lower compared 
to engine out, less than 15 
g/hr between 1500 rpm and 
2000 rpm and 100 Nm to 200 
Nm.

*calculated from E-bench
FEV/BD
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Total Aftertreatment  
NOx Conversion 

Efficiency [%]

Comment
 The Total Aftertreatment 

(includes LNT and SCR) NOx 
conversion efficiency between 
1500 rpm and 2000 rpm and 
100 Nm to 200 Nm There 
were significant decreases in 
NOx conversion efficiency 
with increase in load.

 Total Aftertreatment NOx 
conversion efficiency was 
determined using an 
emissions bench at the 
engine out location and 
tailpipe, respectively.

*calculated from E-bench
FEV/BD
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SCR NOx 
Conversion 

Efficiency [%]

Comment
 The SCR NOx conversion 

efficiency was most efficient 
in low between 1500 rpm and 
2000 rpm and 100 Nm to 200 
Nm reaching 100% NOx 
conversion efficiency at some 
points.

 High load and speed areas on 
the map the ATS efficiency 
was lower than 20%.

 The SCR conversion 
efficiency was determined 
using the on board NOx 
sensors upstream and 
downstream of the SCR 
catalyst, respectively.

*calculated from on board NOx sensor  
FEV/BD
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SCR Space 
Velocity [1/hr]

Comment
 The SCR space velocity was 

lowest from 1000 rpm to 2250 
rpm and 25 Nm to 200 Nm.

 The space velocity value 
increased substantially at full 
load and peak power at 4000 
rpm.

*calculated from on board NOx sensor  
FEV/BD
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Urea Valve 
Open Time [ms]

Comment
 The figure details how much 

time the urea dosing valve 
was open within in a 8,000 
ms time frame.

*calculated from on board NOx sensor  
FEV/BD
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Engine Out
CO [g/hr]

Comment
 Engine out CO emissions 

correlated with exhaust mass  
flow ass the value decreases 
with increase in flow. 
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Tailpipe
CO [g/hr]

Comment
 Tailpipe out CO emissions  

were significantly lower, with 
values of 3 g/hr or less.
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Engine Out
THC [ppm]

Comment
 The highest THC emissions 

were at low loads of 100 Nm 
and began to decrease with 
increases in load.

FEV/BD
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Tailpipe 
THC [ppm]

Comment
 The tailpipe THC was less 

than 5 ppm for most points on 
the engine map, with the 
exception of a few outliers.
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BSFC [g/kWh] Comment
 The BSFC began to decrease 

in as there were increases in 
load.

 The engine operating area 
consisted of BSFC values of 
approximately 240 g/kWh or 
higher.
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Smoke Number [FSN] Comment
 Engine out smoke was higher 

in the low load ranges and 
significantly decrease with 
increases in sped and load.
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EGR Valve 
Position [%]

Comment
 The EGR valve was position 

was open up to 45% within 
1500 rpm and 2000 rpm and 
100 Nm to 200 Nm and 
began to decrease with 
increases in speed and load.
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Coolant Out 
Temperature [ºC] 

Comment
 The coolant temperature 

increased with load from     
90 ºC to 100 ºC.
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Upstream LNT 
Temperature [ºC]

Comment
 Exhaust gas temperatures 

increased with load.
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Comment
 Exhaust gas pressure at the 

engine out positions were 
more speed dependent.

Upstream LNT 
Pressure [bar]
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Downstream LNT 
Temperature [ºC] 

Comment
 Exhaust gas temperatures 

increased with load.
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Downstream DPF 
Temperature [ºC] 

Comment
 Exhaust gas temperatures 

increased with load.
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Upstream SCR 
Temperature [ºC] 

Comment
 Exhaust gas temperatures 

increased with load.
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Downstream SCR 
Temperature [ºC] 

Comment
 Exhaust gas temperatures 

increased with load.
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Intake Air 
Temperature [ºC] 

Comment
 Intake air temperature 

decreases with speed and 
load.

 The temperature began to 
decrease with less use of  
EGR at higher speeds and 
loads.
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Intake Air 
Pressure [bar] 

Comment
 Intake air pressure increased 

consistently with load.
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Torque [Nm] Comment
 Peak torque reached during 

testing was 550 Nm.
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Power [bhp] Comment
 Peak torque reached during 

testing was 200 bhp.
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BMEP [bar] Comment
 The engine produced peak 

BMEP of approximately 21 
bar in the full range of the 
engine map. 
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Rail Pressure [bar] Comment
 The fuel rail pressure is in the 

range of 400 – 700 bar within 
1500 rpm and 2000 rpm and 
100 Nm to 200 Nm.

 The fuel rail pressure 
increases proportionately to 
the increase in power on the 
engine map.  
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Fuel Injection 
Timing [degCA] 

Comment
 The engine fuel injection 

timing was delayed with 
increase in speed. 
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Comment
 Continuous data was 

recorded during a cold start to 
determine the emissions and 
warm up strategy of the 
aftertreatment system,

 At the beginning of the cold 
start there is no significant 
NOx conversion across the 
LNT or SCR catalyst.

 At 1000 seconds into the test 
there was some NOx 
conversion across the LNT.

 At 1500 seconds into the test 
the NOx stored in the SCR 
catalyst is released and NOx 
conversion across the 
catalyst begins.

 Several spikes in exhaust 
temperature were also 
measured 1500 seconds into 
the test.
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Comment
 The conversion of HC and 

CO emissions across the 
LNT/DPF catalyst began at 
800 seconds into the test.

 The methane emissions 
produced were not converted.
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Comment
 Continuous data was taken 

while the engine was at 1500 
rpm and 3 BMEP.
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7 Comment

 It was determined that the 
engine delayed injection and 
used the glow plugs in a 
strategy heat up the 
aftertreatment in and attempt 
to keep the SCR catalyst 
within operating temperature.
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Comment
 The mapped engine data was used in the ETAS 

ASCMO software in order to create models that 
can predict data points based off of user inputs.

 The software uses Gaussian algebra and was 
used to determine data points on the engine 
map that were not actually measures in the test 
cell.

 It was discovered that the model was very 
accurate at predicting some outputs such as 
NOx, but also very inaccurate at some outputs 
such as engine out smoke.

 The inaccuracy in some predicted outputs could 
be due to not having all the appropriate inputs 
necessary for a predicted output. 
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• Intake air temperature 

• Intake air pressure

• Rail pressure

• Engine speed

• Torque

• Start of injection

• Air mass flow rate

• Fuel mass flow rate

• EGR valve position

Outputs

FEV Benchmarking
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Inputs

• Engine Out NOx

• LNT/DPF Out NOx

• Tailpipe NOx

• Engine Out CO2

• Engine Out THC

• Engine Out CO

• Engine Out CH4

• Downstream DPF Pressure

• Downstream DPF Temperature

Outputs

• Smoke

• BSFC

• Exhaust Mass Flowrate

• Lambda

• Upstream LNT Pressure

• Upstream LNT Temperature
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Comment
 The ASCMO model was very 

accurate at simulating NOx 
emissions.

 When comparing the actual 
measured NOx values and 
comparing them to the 
simulated NOx values a r-
squared value of 0.9956 was 
achieved.

R²= 0.9956
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Comment
 The NOx emissions shown 

were not actually measured, 
but predicted by interpolating 
inputs from the actual 
measured data at different 
speed points on the engine 
map.

 The simulated NOx emissions 
trend has a similar trend from 
1600 rpm to 2200 rpm and 40 
Nm to 200 Nm.
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Comment
 The NOx emissions shown 

were not actually measured, 
but predicted by interpolating 
inputs from the actual 
measured data at different 
speed points on the engine 
map.

 The simulated NOx emissions 
trend has a similar trend from 
1600 rpm to 2200 rpm and 40 
Nm to 200 Nm.

 The DPF out simulated NOx 
is based of simulated inputs 
used in the LNT/DPF model.
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Comment
 The NOx emissions shown 

were not actually measured, 
but predicted by interpolating 
inputs from the actual 
measured data at different 
speed points on the engine 
map.

 The simulated NOx emissions 
trend has a similar trend from 
1600 rpm to 2200 rpm and 40 
Nm to 200 Nm.

 The tailpipe simulated NOx is 
based of simulated inputs 
used in the LNT/DPF model
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Conclusions

• The vehicle break in occurred from 800 to 4,000 miles; the BMW X5 35d was within 
the EPA estimated fuel economy of 23 mpg-city and 31 mpg-highway. Five DPF 
regenerations occurred during the 3,200 miles of recorded break-in vehicle data.

• The DPF regen interval factor was 0.026 for the vehicle on the FTP75 drive cycle. 
The LNT NOx conversion was minimal during a DPF regeneration, and during some 
instances there was no LNT NOx conversion during the DPF regeneration. 

• The LNT NOx conversion efficiency was between 10% to 76% across the entire 
engine map, with the higher NOx conversion efficiency measured in the range of 
1000 rpm to 2000 rpm and 25 Nm to 150 Nm.

• The SCR NOx conversion efficiency was between 0% to 100% for the entire engine 
map, with the higher NOx conversion efficiency of 90% or better within the range of 
1000 rpm to 2250 rpm and 25 Nm 200 Nm.

• The total NOx conversion efficiency was between 0% to 100% for the entire engine 
map, with the higher NOx conversion efficiency of 90% or better within the range of 
1000 rpm to 2250 rpm and 25 Nm 200 Nm.
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Conclusions 

• Carbon monoxide and total hydrocarbon total conversion efficiency  for the exhaust  
aftertreatment  system was 95% or better across the entire engine map. 

• All emissions species were significantly higher at higher load and speed ranges.

• The full load curve measured on the engine map followed the trend line published by 
BMW. The engine surpassed the published full load torque value of 560 Nm from 
1500 rpm to 3000 rpm at several points reaching to as high as 575 Nm at full load at 
2000 rpm. 

• EGR percentage was much higher from 1500 rpm to 2000 rpm and 25 Nm to 75 Nm 
on the coarse EGR engine map.

• The urea valve was active on all parts of the coarse urea map included the high load 
and speed points.

• During the engine cold start there was no NOx conversion efficiency across the 
aftertreatment system until 1000 seconds into the test.
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Conclusions

• During the cold start and at low load continuous data the engine would run lean, 
activate the glow plugs, and advance the injection timing in an effort to heat up the 
aftertreatment system to achieve the highest conversion efficiencies.   

• Dynamic engine models were very accurate in predicting pre and post catalyst NOx 
emissions, but was very inaccurate at predicting smoke, CO, or THC emissions. This 
can be attributed to the inputs selected to produce the engine and aftertreatment 
system models.
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